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FOREWORD 


This $236,000 Low Energy Stage Study was performed by Vought 
Corporation under RASA Contract NAS8-32710 for Marshall Space Flight Centor 
from September 1977 through August 1978* The prime objective of the study 
was to determine the most cost effective approaches for placing automated 
payloads into low energy Earth orbits. These payloads are injected into 
circular or elliptical orbits of different inclinations with energy re- 
quirements in the range of capability between that of the Space Shuttle 
standard orbit altitude (296 km) and of the Shuttle with a Spinning Solid 
Upper Stage - D (SSUS-D). The study results are documented in five volumes: 

I. Executive Summary 

II. Requirements and Candidate Propulsion Modes 

III. Conceptual Design, Interface Analyses, Flight 
and Ground Operations 

IV. Cost Benefit Analysis and Recommendations 

V. Program Study Cost Elements and Appendices 

The Vought Corporation study manager was Mr. J. M. Bean. Other 
key Vought participants were H. 1 . Knight, J. J. Banchetti, B. H. Fuller, 

B. J. Cathey, and C. D. Stephens. 

The study was performed under the technical direction of C. C. 
Priest, Marshall Space Flight Center. Mr. M. Kitchens was the overall pro- 
gram manager at NASA Headquarters, Office of Space Transportation Systems. 

Inquiries regarding the study should be addressed to the follow- 
ing: 

• Claude C. (Pete) Priest • Jack jj. Bean 

NASA— Marshall Space Flight Center Vought Corporation 

Attention: PS04 p„0. Box 225907 

Huntsville, Alabama 35812 Dallas, Texas 75265 

Telephone: (205)453-2791 Telephone: (214)266-4513 
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1.0 


INTRODUCTION 


The Low Energy Stage Study provides a thorough and objective 
derivation rmd evaluation of the most cost-effective approaches for placing 
NASA Space Transportation System Orbiter automated payloads into low energy 
Earth orbits. A brief review of the study background and objectives is 
followed by the overall study guidelines and assumptions and an explanation 
of the report organisation. 

1.1 BACKGROUND 

In early 1977 the baseline Space Transportation System (STS) 
manifests projected many automated payloads to be delivered to Earth orbit 
with energy requirements lower than the capability of the smallest of the 
Shuttle upper stages planned at that time. This smallest stage was the 
Spinning Solid Upper Stage - Delta Class (SSUS-D). Additionally, at that 
time the STS planning had not addressed space transportation accommodations 
for Scout expendable launch vehicle class payloads. The low mass (us uall y 
less than 200 kg) does not allow efficient economic utilization of the planned 
Shuttle upper stage concepts, A Shuttle small low energy upper stage for both 
of these classes of payloads s that provides perigee and apogee propulsion 
and attitude control, can be a cost-effective concept if multiple payload 
delivery capabilities per Shuttle launch can be achieved through innovative 
packaging arrangements in the cargo bay or if minimum length stage concepts 
are developed. The Shuttle user charge policy provides a cost driver toward 
short and lightweight cargo bay installations, especially for smaller pay- 
loads, The cost effectiveness of Shuttle/small low energy upper stage con- 
cepts compared with payload delivery by the Orbit er/Orbital Maneuvering 
Subsystem (OMS), currently planned Shuttle upper stages, existing expendable 
launch vehicle upper stages, and the Scout launch vehicle required further 
assessment. 

1.2 STUDY OBJECTIVES 

The prime objective of the study was to determine the most cost- 
effective approaches for placing automated payloads into low energy Earth 
orbits. These payloads are injected into circular or elliptical orbits ox- 
different inclinations with energy requirements in the range of capability 
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■between that of the Shuttle standard orbit altitude 296 km {l60 rnn) and of 
the Shuttle with a SSUS-D. This primary objective was to be attained by 

meeting the following specific objectives:. 

• Define payload/mission requirements, a set 
of reference missions representative of 
these requirements, and upper stage design 
criteria necessary for initial definition 
and screening of cost effective Shuttle 
upper stage approaches capable of accommo- 
dating low energy missions. Requirements 
were drawn from a low energy payload mission 
model supplied by NASA. 

• Describe and analyze Shuttle upper stage 
design approaches, cargo bay packaging schemes, 
and interface concepts for cost effectively 
accommodating low energy missions. Define 
supporting systems, integration and operations. 
Evaluate, compare and select propulsion ap- 
proaches for conceptual design.. 

• Perform conceptual design and systems analysis 
of selected payload delivery approaches. De- 
fine the impact of low energy stage (LES) 
characteristics on payload design trends. 

• Determine payload, low energy stage, and 
Shuttle Orbiter interface requirements and 
their impact on low energy propulsion approaches. 

• Determine ground and flight operations require- 
ments and their impact on low energy propulsion 
approaches. 

• Perform cost /benefit comparison of conceptually 
designed propulsion approaches with currently 
planned Shuttle upper stage systems, Shuttle 
with OMS, and the Scout launch vehicle. 

• Complete a development and implementation plan 
for the recommended concept for accommodating 

the low energy payloads of the STS payload mission 
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model and the low energy regime they represent. 
Incorporate cost and schedule projections, test 
requirements, and supporting technology require- 
ments sufficient to support future NASA program 
decisions. 

1.3 GU IDELINES AND ASSUMPTIONS 

The following basic guidelines and assumptions were used in the 

study. 

• The payload mission models, Shuttle user charge 
policy, and low energy regime mass-energy enve- 
lope data were provided by NASA. 

• Investigation was limited to expendable propulsion 
systems with the exception of the Teleoperator 
Retrieval System which is being considered for 
the Skylab Boost Mission. 

• Electric propulsion systems were excluded from 
the study. 

« Liquid and solid forms of chemical propulsion and 
hybrids were considered in the study. 

• Solid propellants were limited to Class 2. 

• Operational period for comparison analysis of 
propulsion systems begins in early 1980 ' s and 
extends through 1991. 

• Space Transportation System physical and opera- 
tional data are. as defined by JSC document 077^0 
Volume XIV, Revision E. 

• Applicable data and results from other government 
sponsored studies are used in this study. 

« Study cost data is in 1977 dollars. 

1.4 REPORT ORGANIZATION 

The report is organized to present the results of the study in 
the order in which the work was accomplished. The study began with a re- 
quirements definition (Task l) (see Figure l.l) that established a set of 
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reference missions and payload characteristics representative of a NASA 
defined payload/mission model. Launch cost envelopes vere defined. Candi- 
date propulsion modes were defined (Task 2) which accommodated , the reference 
payload/missions. A screening process was developed, based on cost and 
benefits, and used to screen these candidates. Some were eliminated; adapta- 
tions of existing/planned propulsion systems and new approaches were selected 
for conceptual design in Task 3; screened existing/planned systems flowed 
to Tasks 4 and 5 for assessment related to Shuttle interface and flight and 
ground operations, along with the concepts from Task 3. Some surviving 
existing systems, such as Orbiter/OMS, were carried directly into the cost/ 
benefit analysis (Task 6). The conceptual design effort of Task 3 consisted 
of stage subsystem refinement and selection, concept design, performance 
evaluation to assure meeting the requirements of a new payload mission model 
provided by NASA, cost/schedule definition, integral propulsion concept 
analysis, and definition of impact on payload design trends. Tasks 4 and 5 
assessed the surviving concepts from. Tasks 2 and 3 relative to Orbiter inter- 
face and ground and flight operations. Costs and quantified benefits of the 
concepts from Task 3 and the existing systems from Task 2 were defined in 
Task 6. Scenarios of those concepts which met the missions requirements of 
the payloads of a revised mission model were defined and life cycle costs 
developed. These scenarios were ranked and the most cost effective approaches 
recommended in Task 7 along with implementation plans to support NASA program 
decisions. 


The report is contained in five volumes and organized as follows : 


VOLUME 


TASKS 


[ 


CONTENTS 

Executive Summary 


II 


1 

2 


Requirements Definition 
Candidate Propulsion Modes 


III 3 

4 

5 

IV 6 
7 


Conceptual Design 

Interface Analysis 

Ground and Flight Operations 

Cost Benefit Analysis 
Recommendations 


Program Study Cost Elements 


A listing of references applicable throughout the report is included at the 
end of each volume. 
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2.0 TASK Is REQUIREMENTS DEFINITION 

- Th« Lov Energy Stage (LES) Study is an evaluation of propulsion 

approaches to accommodate payloads vithin the low energy regime. Initial 
definition of this regime and the requirements for the study were embodied 
in a payload mission model furnished by NASA, This model, covering 129 
launches, was examined and compared against the Space Transportation System 
Shuttle standard orbit inclinations and a Shuttle launch site implementation 
schedule provided by NASA. Based on this examination and comparison a set 
of six reference missions were defined in terras of spacecraft weight and 
velocity requirements to deliver the payload from a 296 km circular Shuttle 
standard orbit to the spacecraft's planned orbit. Payload characteristics 
and requirements representative of the model payloads included in the regime 
bounded by each of the six reference missions were determined. A set of 
launch cost envelopes were developed and defined based on the characteristics 
of existing/planned Shuttle upper stages and expendable launch systems in 
terms of launch cost and velocity delivered. These six reference missions 
were used to define the requirements for the candidate propulsion modes which 
were developed and screened (Task 2) to determine the propulsion approaches 
for conceptual design (Task 3)* A revision of the payload mission model, 
which incorporated the payloads of the Space Transportation System "liS'f" 
model of 1978, was furnished later in the study by NASA and was used as the 
payload mission requirements for Task 3 through 6 (Volumes III and IV) . This 
revised model is presented in Volume III, paragraph, 4,1. 

2.1 PAYLOAD MISSION MODEL 

The payload mission model used in this volume of the study was 
developed by Battelle Columbus Laboratories and provided by NASA-MSFC Low 
Energy Stage Study Contracting Officer Representative (COR) during the first 
month of the study. Missions within the low energy regime include a variety 
of payloads from small, Scout— class automated spacecraft to large free— flying 
laboratories and observatories. Destination orbits range from altitudes of 
a few hundred kilometers to a few thousand kilometers or more with inclina- 
tions from zero to more than 100 degrees. Geosynchronous transfers are not 
included in the model. 
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Candidate payloads for this low energy model were selected hy 
Battelle using the National Space Transportation System (STS) Payload Model 
of September 1976 (Reference l), the STS Traffic Manifest 1980-1991 (Ref- 
erence 2) and the NASA Payload Model Generic Payload Descriptions (Reference 
3). Battelle au^nented and updated these data with information provided by 
cognizant NASA personnel based on recently completed 5-year planning activi- 
ties for Fiscal years 1979 through 1983 (References 4 and 5)* The Battelle 
Outside Users Payload Model was the source for non-NASA/non-DoD missions 
(Reference 6). Battelle also included candidate DoD missions in the model. 

2.1.1 Model Description 

The payload mission model. Table 2-1, covers a period extending 
from 1980 through 1991 and includes missions sponsored by NASA, U.S. Govem- 
ment/Civil organizations, DoD and foreign organizations. The payloads are 
identified by their mission names and their generic payload codes, where 
appropriate. The mission line items are numbered sequentially and are re- 
ferred to by these numbers in this Volume. Data shown for these missions 
Eire Battelle estimates of annual launch rate and schedule, mass and size of 
the payloadB, the currently planned launch system, the perigee, apogee and 
inclination of the destination orbit. 

2. 1.1.1 NASA Payloads — The NASA payloads shown in Table 2—1 include a 
total of 32 mission line items with a total of 75 payloads of which nine are 
Scout payloads, 37 are small to intermediate size automated spacecraft (SES, 
SSO, SSF, ASF and AIF, generic payload codes from Reference 3) and 29 are 
intermediate to large free-flying laboratories and observatories (SIO, SLO, 
LSO, STI and STL). Scout-launched NASA payloads are projected on the basis 

of: 

• Planned or possible missions through the early 
1980’s (e.g. , #12 Active Magnetospheric Particle 
Tracer Experiment, #13 Solar Mesosphere Explorer, 

. #36 Transit) . 

• WER launches prior to the Shuttle's introduction 
there (e.g., #23 Soil Moisture Sat., #40 
Canadian Scientific). 
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TABLE 2-1 BASELINE LOW-ENERGY PAYLOAD MODEL 
(Continued) 
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• Estimated follow-on activities during the mid- 
to-late 1980's (e.g., #13 Solar Mesosphere 
Explorer and #19 Magsat Follow- On) ( Reference 5). 

The small to intermediate size automated spacecraft include 

scit' jce explorers and application explorers (items 1-5 and 19-26 in Table 

2-1). They are expected to be launched at rates of one and two per year 

e erences 4 and 5). The Upper Atmosphere Research Satellite (UAHS) (items 

and 16 in Table 2-1) is being considered as a possible neir start in the 

early 1980's and will feature pairs of cooperating spacecraft launched every 

ree-to-four years to conduct soundings of the upper atmosphere (Reference 

3). Another possible new start. Origin of Particles in the Earth Nei^bor- 

hood (OPEN), Kill use spacecraft launched into highly elliptical orbits to 

Study the composition of plasma in the Earth mesosphere. It is scheduled to 

repeat the OPEN experiments every three to four years (Reference 5) . A Solar 

Maximum Follow-On mission (item 14 in Table 2-1) is included in the lev energ 

payload model. Although the first Solar Maximum mission spacecraft (to he 

launched in 1975 by Delta) is to use the Multimission Modular Spacecraft (MM3 

bus and propulsion system, the follow-on spacecraft are assumed to be viable ' 

candidates for this lorn energy payload mode].. A similar rationale is eonsi- 

dered applicable to the cases of Landsat D/E follow-on (item 28) and TIROS 
0/F (item 29), 

. ^ i,!te ™ ealats to lax « e laboratories and observatories presented 

an the NASA portion of the low energy pryload model represent payloads which, 
for the moat part, could be launched to their destination orbits by the Shut- 
tle alone. Nevertheless, they are included in this low energy payload model 
as possible candidates for further study. Only the astrophysics observatories 
1 ems -11 in Ta bi e 2-1) are identified specifically, other payloads are 
identified genetically (items 18, 31, and 32) based on data presented in 
References 1 throtgh 3. 

2 ’ 1,1 * 2 < ~ ^ Fa ^ loads - T *e non-MSA payloads of the model include 

10 mission line items and a total of 53 payloads of which 7 are Scout payloads 
k6 are small to intermediate size automated spacecraft. A brief review 
of non-MSA user requirements indicates that relatively -few missions fit the 
low energy mission category. Most non-NASA payloads will be placed in 
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geosynchronous orbit and are not part of this low energy payload model. In 
addition, Battelle did not include Japanese or European small spacecraft in 
the model since the Japanese and the Europeans are introducing launch vehicles 
which are expected to launch most or all of their own spacecraft. The pay- 
loads that are included are predominantly meteorological and observational 
spacecraft placed in polar and Sun synchronous orbits. 

U.S. Government /civil activities are represented by a projected 
Operational Seasat program, a NOAA (ITOS) follow-on program and an Earth 
Resources Satellite (operational Landsat) program. A total of IT payloads 
are projected for these three programs based on the "low-level model" of 
Reference 6 . 

The DoD programs include a follow-on series of Transits for the 
U.S. Navy and those representative U.S. Air Force programs (items 36 , 37 and 
38 in Table 2-l). The Transits are expected to be launched by Scout. After 
the four launches indicated in Table 2-1 are completed, it is expected that 
the Transit program will be terminated and its function will be served by 
the U.S. Air Force Global Positioning System (GPS) Navstar satellites. These 
satellites will be outside the range of this low energy payload model. The 
USAF programs considered appropriate for this model are the follow-on Space 
Test Program (item 37) and the USAF meteorological satellite program (item 
38). Both programs are estimated to continue through the decade of the 
1980's at a rate of one launch per year for each program. At the present, 
the USAF meteorological satellite program is served by the Block 5® space- 
craft with two solid-propellant upper stage motors (Reference 10). 

The foreign payloads in the low energy payload model include two 
San Marco Scout launches. Three Canadian scientific spacecraft are projected 
for launching in the early-to-mid 1980* s using either Scout or the STS. The 
Canadian scientific program is expected to continue with two Shuttle payloads 
in the late 1980* s. In addition, the Canadians are planning an All-Weather 
Microwave satellite that might be operated in conjunction with the Operational 
Seasat program (NOAA) to provide an operational global microwave observation 
system. 

2.1.1. 3 Payload Mass Estimates - Mass estimates for the low energy pay- 
loads are given in Table 2-II, categorized by major subsystem to indicate how 
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TABLE 2-II PAYLOAD MASS ESTIMATES 


(a) 


Payload 

Cosmic Background Explorer 
Extreme UV Explorer 


Instruments 


590 ( 4 ) 

75*(4) 


Mass of Indicated Item, kg 

Other 

Structure Subsyste 


165* (4) 
50* (4) 


H 

LO 


3-5. 

Astrophysics Explorers Note 1 

100-500 

100-250 

100-250 

300-1000 

6-7. 

Gamma Ray Astronomy Obs., 
Cosmic Ray Obs. (7) 

61^5 

500 

1515 

8170 

8. 

X-Ray 0bservatory(7) 

8815 

500 

1515 

10830 

9. 

1.2-m X-Ray Telescope (7) 

4226 

500 

1515 

6240 

10-11. 

LAMAR, Meter-Class 
UV Telescope 

6305 

500 

1515 

8320 

12. 

Active Magneto spheric 
Particle Tracer (AMPTE) (8) 




66 

13. 

Solar Mesosphere Explorer (8) 

— 

• — 

— 

150 

14. 

Solar Maximum F/0(7) 

570 

379 

411 

1360 

15-16. 

Upper Atmospheric 
Research Satellite (UARS) ('' 

70 

100 

130 

300 

17. 

Origin of Particles in 
Farth Neighborhood (OPEN) (7) 

60 

100 

110 

270 

18. 

Small Observatory Class (3) 

— 

— 

— 

1500-2000 

19. 

Magsat F/o( 8 > 

— 

— 

— 

170 

20-21. 

STERE0SAT 

35(4) 

50 

115 

200 



TABLE 2— II PAYLOAD MASS ESTIMATES 
(Continued) 





Mass of Indicated 

Item, kg 



Payload 

Instruments 

Structure 

Other (b) 

Subsystems 

'X. Total 

X. 

22. 

Earth Radiation Budget 

25(4) 

50 

125 

20CK X 

x 

23-26. 

27. 

Satellite (ERBS) 
Applications Explorers (3) 
SEASAT B(7) 

1321+* 

259* 

1281* 

200-1000 

2864* 

28. 

LANDSAT D/E V/oO) 

483 

435 

694 

1612 

29. 

TIROS 0/P (7) 

272 

531 

630 

1430 

30. 

Coastal Zone Monitor 

500 

250(4) 

250 

1000 

h 31. 

Intermediate Class Observatories (3) 

* — 

— 

— 

4000-5000 

32. 

Large Observatories (3) 

— 



8000-10000 


(a) Superscript numbers in the table are references 

(b) Estimates include allocations for attitude control VLO to 20 kg) but not for orbit adjust propulsion. In 
those cases where orbit adjust propulsion was included in the original estimate (e.g., GRAO, CRO, XRO, 
LANDSAT, TIROS, SMM) , the allocation, generally 180 kg, was deducted. 

* Revised data fr,om "SEASAT-B and Operational SEAS AT Configurations" Battelle Columbus Laboratories, 

BMI-NLVF-77-130, November 23, 1977 


n vj-L j-i • p 

1. Numbers in parenthesis refer to references on -page 128 of this volume. 



the estimates were derived. These subsystems included avionics, instrumenta 
tion, structure, electrical, thermal, attitude control, etc. The mass esti- 
mates do not include allocations for orbit adjust propulsion (raising and 
lowering orbit altitude and stationkeeping) . 

For many small payloads, the only item that has been defined and 
documented is the instrument or experiment that is the heart of the payload 
(Reference 13). For explorer- class spacecraft, these items may weigh as 
little as 25 to 100 kg. The remainder of the payload may be projected as 
either a Scout-compatible spacecraft or a Shuttle-compatible spacecraft. 

For Scout-compatible payloads, the allocation for structure is estimated to 
be about 50 kg, and for other subsystems, the allocation is about 100 kg or 
less. For Shuttle-compatible payloads, GSFG has proposed a basic truss 
structure designed to span the Shuttle cargo bay that would weigh about 250 
kg and would provide ample space and strength for mounting one or more in- 
struments and their supporting subsystems (Reference 4). 

For intermediate to large spacecraft such as Gamma Ray Astronomy 
Observatory, Landsat D/E and TIROS 0/P, the mass estimates in Table 2-H 
are based on the existing Multimission Modular Spacecraft designs (Reference 
7), with the mass allocations for orbit adjust propulsion deducted. This' 
procedure leaves the MMS bus and the electrical thermal and the guidance and 
control subsystems as part of the remaining spacecraft mass. 

Figure 2.1 is a mass-energy map for the low er«s >gy missions. The 
uppermost boundary of the Low Energy regime is the performance curve for a 
SSUS-D. For the payloads shown here it is assumed thats 

• the Shuttle delivers payloads to circular 
parking orbits at 2 96 km (l6o nm) altitude, 

• the Shuttle establishes the orbit inclination 
desired by the payload between 28.5 to 104° 

• orbit inclinations less than 28.5 degrees or 
greater than 104 degrees would require plane 
changes provided by an upper stage. 


15 



PAYLOAD MASS - KG (LB) 



FIGURE 2.1 INITIAL LOW ENERGY PAYLOAD MODEL - MASS-ENERGY 
REQUIREMENTS WITHOUT SHUTTLE INCLINATION 
CONSTRAINT 


16 


LESS-002 


Plane changes would be required for two Bissions. It hat been proposed that 
the 1901 Stereosat mission (item 20 in Table 2-1 ) be launoheu a oar 
Shuttle at an Inclination of 57 degrees and perform a plane change of 39.5 
degrees to arrive at its desired inclination of 96.5 degrees. The total 
velocity impulse retirement to perform the plane change and altitude change 
is 525 I 1 mps. The other mission retiring a plane change is Operational Sea- 
sat (item 33 in Table 2-1 ). In this case, the Shuttle parking orbit is 
assumed to be 104 degrees end that of the Operations! Seasat is 108 degrees. 

Payloads are represented by numbered circles and by shade re- 
gions. The numbers correspond to the mission line item numbers in Tables 
2-1 and 2— II. Three distinct groupings of payloads are evident on the map. 

The payload grouping in the lower left comer consists of Scout-class pay- 
loads. The payloads in the upper left corner are the large free-flyer 
laboratories and observatories. The remaining are UU. Civil. 

Defense and foreign payloads. They include Explorer series, small free-flye , 
small observatories, snd some mediurP-weight, highly-ellipticsl satellites 

requiring intermediate velocity increment « 

This payload-mission model, developed by Battelle in Reference 

14, was provided by the COR in Reference 15- 
2.1.2 Model Review 

. 4 . a +Vifa labest available RASA, DoD, 

A Vought review was conducted of the lan 

. . . , ( -Reference lM and the results of this 

Civil and Scout payload/mission data (Refere iev 

review compared against the XBB payload-mission model. Based on th ^ 

Vought recommended to Battelle that the following changes e ma 

« Mission number 9 (in Table 2-1), the 1.2 meter 

X-ray Telescope, has only one launch which is 

scheduled in 1985. The payload weight is 10,000 

kg, and the length is 13.5 meters. 

• The Stereosat, mission number 20, payload weight 
is not firmly established and could be less than 
200 kg. It could be considered as a potential 
payload for a Scout launch from WTR. 

# Coastal Zone Monitor, mission number 30, couia 

be launched from ETR. 
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• USAF Meteorological Satellite, mission number 
38, launches prior to Shuttle operations from 
VJTS could be launched with an expendable 
launch vehicle. Prior to 1983 it should not 
be considered a LES payload. 

e The length and diameter of the Solar Maximum 
Mission Follow-On, mission number l4, are 
reversed in Table 2— X. 

• The orbits for the two San Marco DL, mission 
number 39 , were defined to be the following! 

39A - Apogee, 800 km 
Perigee, 200 km 
Inclination, 2.9 degree 
39B - Apogee, 27400 km 
Perigee, 420 km 
Inclination, 2.9 degree 

As a result of the above recommended changes to the payload mission model, a 
reduction of missions and payloads were made. The change was from (48/129) 
to (46/125). The payload mission model with the changes noted here was used 
as the basis for the selection of reference missions, representative of the 
model, which were then used in this Volume, paragraph 3.0, as the basis for 
the development and evaluation of propulsion approaches for LES payload 
delivery. A revision to the mission model was received in April of 1978. 
This revision, which is discussed in Volume III, paragraph 4.1, was used in 
all work subsequent to Task 3, Volume III. 


2.1.3 


16 , are: 


Mass /Energy 

•Rpl at ion shin of Pavload Mission 

Model 

The standard Shuttle mission destinations, 

defined in Reference 

LAUNCH SITE 

CIRCULAR ORBIT ALTITUDE 

INCLINATION 

ETR 

296 km (160 nm) 

28.5° 

56.0° 

V7TR 

296 km (160 nm) 

90 . 0 ° 

io4.o° 


In addition, instructions received with the LES Payload Mission Model 
(Reference 15) state that Shuttle launch and landing at WTR should be assumed 
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for payloads launched in 1983 and beyond. 

Based on the four Shuttle inclinations specified and the initial 
operational date from WTR, the payload weight/energy requirements were re- 
computed to include the velocity increment required for transfer from the 
Shuttle orbit altitude (2 96 Km) and available inclination to the payload 
destination orbit altitude and inclination. Inclination change is held to 
the minimum by assuming that the orbit inclination delivered by the Shuttle 
is the one closest to the payload destination orbit inclination. The dis- 
tribution of velocity increment required by the payloads of the model is 
shown in Figure 2.2. Here the payloads fall into five or perhaps six dis- 
tinct groupings. Payloads in the upper left comer are the large free-flyer 
laboratories and observatories. The Scout-class payloads now fall into two 
groups: (l) the very low mass and velocity increment near 3500 meters per 
second for the near equatorial orbits when launched from a 28.5° Shuttle 
orbit, and (2) the heavier payloads with polar and sun synchronous inclina- 
tion requirements when launched from ETR prior to lf>83. There also are some 
Scout payloads in the low mass, low energy region. The remaining payloads, 
with velocity requirements less than 1000 meters per second, tend to divide 
into two weight regions - one near 300 kg and the other concentrated near 
1000 kg. There is, however, a reasonable scatter of payloads in the last 
region that extends to weights near 3000 kg, and require plane changes be- 
tween four and nine degrees. The upper boundary of the low energy payload/ 
mission regime is also shown. 

2.2 REFERENCE MISSIONS 

The requirements and characteristics of the LES model payloads 
and their missions are quite diverse. They cover a broad spectrum of 
destination orbit altitudes and inclinations; their launch schedule spans 
the period of Shuttle operational initiation from both ETR and WTR and be- 
yond; and their mass properties, geometry, acceleration, stabilization, and 
accuracy characteristics and requirements cover a broad spectrum. Mission 
and budget planning data recently available and refinements of plans for 
introducing the Shuttle tend to help firm up projections of mission activities 
and payloads through the early 1980* s. However, after that time projections 
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are less firm due to uncertainties in technical, schedule, and "budget plans 
including the impact of the introduction of the Shuttle. Consequently, not 
only are the requirements and characteristics of the LES model payloads 
diverse but their specific characteristics, schedules and budgets are not 
firmly defined. This diversity in requirements and characteristics, the lack 
of firm definition and the large number of missions and payloads (46/125) 
make it difficult to address each mission or payload in the course of a 
feasibility study to assess cost effectiveness of the many existing, planned 
or new propulsion approaches for delivery of these payloads to their desti- 
nation orbits. Consequently, a set of six reference missions were selected 
to represent the significant areas of the low energy regime for the initial 
screening of the candidate delivery approaches. These points were selected 
to assure that all of the payloads of the model were accommodated by afc least 
one reference mission. 

2.2.1 Selection Rationale 

The rationale used in the selection of reference missions assured 
that the definition of the missions would be compatible with the logical 
groupings of payloads and missions of the LES study model as shown in Figure 
2.2. This grouping reflects the Shuttle standard orbit inclinations speci- 
fied in Reference l6 and the currently defined schedule for initiation of 
operations from both ETR and WTR (Reference 15). The specific factors con- 
sidered in the selection of the six reference missions which represent the 

groupings of the model payloads are as follows. 

• Representative payload definition in terms 
of weight and energy required. 

• Launch site definition and orbit plane 
change required of the upper stage system 
from the standard Orbiter inclinations . 

• Potential launch modes in terms of Orbiter/ 

OMS capability, exist ing/plsnned upper stages, 
new low energy stages, new low energy stage 
approaches, and expendable launch vehicles. 



• Orb iter cargo bay installation potential 
as reflected in horizontal, vertical, and/ 
or side-by-side installation oriented to- 
ward minimizing the Shuttle user charge 
for the upper stage and deployment system. 

The implementation of this rationale and the considerations for each of the 
reference missions are shown in Table 2-III. A secondary goal of the 
selection was to define existing or planned upper stages or expendable launch 
vehicles with capabilities consistent with the reference mission require- 
ments . 

2.2.2 Selected Reference Missions 

The relationship of the selected reference missions weights and 
velocity increments (above 2 96 km) to the requirements of the missions and 
payloads of the LES model is shown in Figure 2.3. Each reference mission 
was selected to provide a weight-energy relationship which assures coverage 
of the related payloads which are enclosed in dashed lines. The reference 
missions relationship to the LES mission model is shown in Table 2— XV in 
terms of payload type, mission model payload codes, mission model numbers 
and quantity of payloads, number of missions and payloads, payload weight , 
and velocity increment above the Orbiter altitude of 296 km. Also shown are 
the resulting destination orbit altitudes and inclinations for each reference 
mission as well as the Shuttle orbit altitude, inclination and launch site. 

• Reference Mission A, at 10,000 kg, is representative 
of the large and medium size observatories and 
laboratories to be placed in near 500 km orbits at 
inclinations of 28.5 degrees from ETR. It reflects 
the requirements of 8 missions and 17 payloads of 
the model. 
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table 2 -m REFERENCE «SION SECTION RATIONALE 


■representative" 

PAYLOAD 


, high weight 
, large size 
. LOW energy 

. medium high weight 

• medium high size 
, medium energy 

, medium weight 

• medium size 

o LOW ENERGY 

• LOW WEIGHT 
. SMALL SIZE 

• LOW ENERGY 


ORBIT inclination 
factors 


“ launch aii-t. 
ETR 


WTR 


0 LOW, WEIGHT 

1 METHUMOTOH ENERGY 


. LOW WEIGHT 

• SMALL SIZE 

• HIGH ENERGY 


WTR 


ETR 


ETR 


>K3 - 

'inclination 

r.HANGE-DEG, 


4-9 


4-9 


Z5.6 


41.5 


’potential 
launch 

MODE 

. ORBIT ER/OMS 

. STAR 48/AKM (SSUS-D) 
. MID SIZE NEW LES 


"cargo BAY 

INSTALLATION 

POTENTIAL 


. SINGLE LARGE PAYLOAD 
INSTALLED horizontally 


.TELEOPERATOR WITH TANKS 

> STAR 48/AKM (SSUS-D) 

B LARGE NEW LES 


, ORBITER/OMS 
‘.^OPERATOR WITH TANKS 
. SMALL NEW LES 

, ORBITER/OMS 

•.^operator with tanks 

o SMALL NEW LES 
. SCOUT 

• STAR 48/AKM (SSUS-D) 

_ t innE NEW LES 

.SCOUT FROM SAN MARCO 

. STAR 48/AKM (SSUS-D) 

• LARGE NEW LES 

• SCOUT FROM WTR 


■SHESSSSSS?’ 


. MEDIUM SIZE PAYLOAD 
INSTALLED HORIZONTALL 


• INNOVATIVE PACKAGING 
. HORIZONTAL OR VERTICAL 
. OVER AND UNDER 
. OVER THE SPACELAB 


. SAME AS D 


• SAME AS D 



20,000 T 
(44,092) 


NOTES 

1 SHUTTLE STANDARD INCLINATIONS 


(22,046)10 


4,000 

(8,818) 

PAYLOAD MASS - 
KG (LB) 1 



1,000 

(3,281) 


o nnn 4 000 5,000 

(9*842) (13,123) (16,404) 

VELOCITY INCREMENT (ABOVE 296 KM) 


6,000 

(19,635) 


FIGURE 2.3 


ationship of mass and energy of reference 
payload/mission requirements 
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2k 
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TABLE 2-IV REFERENCE MISSIONS RELATIONSHIP 

^ 1 

LES MISSION MODEL PAYLOAD 


TO LES MISSION MODEL 


MISSION 

TYPE 

PAYLOAD 

PAYLOAD . 
COOES 

MODEL MISSION NUMBERS 
(QUANTITY OF PAYLOADS) 

A 

LARGE AND 
MEDIUM SIZE 
OBSERVATORY 

SIO.SLO, 

ST‘,STL 

6,7,8. 9.10,11.31,32 
12.2,2,1.1 ,1 ,4,4) 

8 

MEDIUM SIZE 
FREE FLYER 

SES.SSO. 

AIF.NOM 

1 5.27.28.29,30,33 
(2,1,1 .2 .2 .2 .6 ) 

34,35,38.42 
[3 , 8 . 9 . 2 ) 

c 

SMALL SIZE 
FREE FLYER 

SES.SSO, 

SSF.LSO, 

ASF 

3,4,14.18,25,37 
(2.1,3 .11,3 ,12) 

O 

EXPLORERS 
& SCOUT 
CLASS FROM 
WTR 

SES.SSO, 
SSF.NOS, 
ASF, SCOUT 
CLASS 

2,13,15.16,19,21 
|T. 2 ,3 ,2 .2 .1 ) 

22. 24. 26,36,41 
(2 .1 .4 ,1 .3 ) 


explorers 

& SCOUT 
CLASS INTO 
EQUATORIAL 
ORBIT FROM 
ETR 

EXPLORERS 
& SCOUT 
CLASS INTO 
NEAR POLAR 
ORBIT FROM 
ETR PRIOR TO 
1913 


SSF.ASF, 

SCOUT 

CLASS 


12A,12B.17.39A.39B 

(1 .1 . 2,1 .1 > 


13,15, 19,20,23.36.40 

11 ,t .1 .1 .1 .3 ,2 1 


NO. OF 
MISSIONS 




VELOCITY 

OESITNATIOK ORBIT 

SHUTTLE ORSIT 
(ALT.- 296 KM) 1 


PAYLOAD 

wfioht 

INCREMENT FROM 
296 KM SHUTTLE 

ALTITUDE 
KM (NMD 

INCL. 

INCL. 

LAUNCH 

PAYLOAOS 

KG (LB) 

ORBIT MPSIF PS) 

PERIGEE 

APOGEE 

□EG. 

OEG. 

Site 

17 

10,000 

(22,060) 

120 

(394) 

500 

(270) 

500 

(270) 

20.5 

21.5 

ETR 

3B 

3.000 

(6.6151 

1.000 

(3.281) 

1,000 

(540) 

1.000 

(540) 

97 

90 

WTR 

32 

1,000 

(2,205) 

400 

(1.312) 

1,000 

(540) 

1.000 

(540) 

57 

55 

ETR 

22 

200 

(441) 

900 

(2.953) 

577 

(312) 

577 

(312) 

96.5 

90 

WTR 

6 

170 

(375) 

3,300 

(10,827) 

1,111 

(500) 

1,111 

(600) 

2.9 

28.5 

ETR 

10 

20G 

(441) 

5,400 

(17,717) 

1,000 

(540) 

1,000 

(540) 

97.5 

56 

ETR 
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• Reference Mission B, at 3000 kg, represents 

medium size free-flyers into polar and sun syn- 
chronous orbits of up to 1000 km altitude when 
launched from WTR. There are 11 missions and 
38 payloads in this model category. 

» Eeference Mission C, 1000 kg, reflects the re- 
quirements for small size free- flyers launched 
from ETR in orbits of 1000 km altitude and in- 
clinations up to 57 degrees . Six missions and 
32 payloads of the model are represented. 

• Reference Mission D, at 200 kg, is representa- 
tive of Explorer and Scout class satellites 
launched from WTR into sun synchronous orbits 
to 577 km altitude from 90° inclination Shuttle 
orbits from WTR. There are 11 missions and 22 
payloads of the model represented here. 

• Eeference Mission B, 170 kg, represents Explorer 
and Scout class payloads destined for essentially 
equatorial orbits at altitudes near 1111 km when 
delivered from the Orbiter in a 28.5° orbit. 
Launch is from ETR. There are 3 missions and 6 


payloads in this class. 

. Reference Mission F, at 200 kg, is representative 
of Explorer and Scout class payloads destined for 
1000 km polar or sun synchronous orbits prior to 
the 1983 operational date of the Shuttle from 
TOR. The velocity increment is that required to 
deliver these payloads from the Orbiter which is 
in a 296 km altitude,' 56 ° inclination orbit after 
launch from ETR. Seven missions and 10 payloads 


are in this group. 

• » — i s at least one exxstmg/ 

Dr each of the selected reference missions there is 

, , . . - 4-hat will satisfy mission require- 

Lanned upper stage or adaptation of these that vil- * 

Kts. For Half oi the mssions there axe three approaches for jayloai 
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delivery. Preliminary investigation indicates that the payload geometry of 
half of the missions offer opportunities for innovative packaging arrange- 
ments in the Orbiter cargo bay. 

2,2,3 Existing/Planned Upper Stage Performance Capabilities 

The capability of existing/planned upper stages to meet the pay- 
load weight-velocity increment requirements of the reference missions is 
shown in Figure 2.4. This relationship of existing/planned propulsion 
approaches or their adaptations to specific reference missions is shown below. 


REFERENCE 

MISSION 


A 


B 


EXISTING/PLANNED APPROACHES 
OR ADAPTATIONS 

. Orbiter + l OMS Kit. 

. SUSS-D + AKM 

. SUSS-D + AKM 


. Orbiter + 3 OMS Kits 
. MMS / PM-II 
. Teleoperator / 2 Tanks 

« Teleoperator / 4 Tanks 
. Ccout 




F 


DUDD-U f AixM 

Scout from San Marco 

SUSS-D + AKM 
Scout from WTR 


A very inefficient nee of a SSUS-D (also defined as Spinning Stan 48 in part of 

the report) with an apogee kick motor (AKM) will also tadle reference Missions 
C and D. 

2,3 .PAYLOAD CHARACTERISTICS AND REQUIREMENTS 

In the development of the characteristics and requirements for 
the six reference payload missions the following procedure was used. The 
payload identa: in the EES model (References l4 and 15) were reviewed 

against those ..entified in the STS Payload Model Summary (Reference l) , the 
STS Traffic Manifest (Reference 2), the NASA Payload Model Generic Payload 
Descriptions (Reference 7 ) to establish, where possible, more detail descrip- 
tions of the characteristics and requirements of the payloads. Data for most 
of the NASA payloads were available from these references, but there were 
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SPACECRAFT WEIGHT ~ KG 


20,000 


10,000 


4,000 
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VELOCITY INCREMENT (ABOVE 296 KM) 
(M/SEC) 


FIGURE 2.4 PERFORMANCE CAPABILITY OF EXISTING/PLANNED SYSTEMS 
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less significant data available for Civil, DoD and foreign payloads. Scout 
payload data descriptions were available. Approximately 28# of the LES model 
payloads had Level B data (Reference 3). Level B data (Reference 7) provides 
engineering descriptions of payloads identified by the payload program offices 
and Shuttle Payload Planning working groups which are projected for the early 
Space Shuttle era. The characteristics and requirements of the payloads were 
grouped according to their relationship to the selected reference payload/ 
missions. Reference payload characteristics and requirements were chosen 
which either essentially encompassed, or where necessary because of the nature 
of the parameter, were representative averages of those of the payloads of 
the model. A selection of characteristics or requirements which were the 
largest and most stringent of all of the parameters would have produced re- 
ference payloads with such extremes that they would not have truly represented 
the payloads of the model. 

2.3.1 Payload Data Review 

The almost 50 different payloads of the LES model which include 
a broad spectrum of payloads from research through application to operational 
satellites for NASA, Civil, DoD and foreign users and developed to be launched 
by expendable launch vehicles as well as the Shuttle have a broad and diverse 
combination of characteristics and requirements. However, when these payloads 
are grouped as they were earlier in terms of spacecraft weight and energy 
requirements, there results some degree of ordering of the other payload 
parameters. Reference mission payload weights and mission requirements in 
terms of velocity increment, and destination orbit description as well as 
Shuttle launch site and orbit description were reviewed earlier when reference 
missions were selected. However, a review of these and other characteristics 
and requirements of the payloads of the model follows. 

• Payload Mass - Of those missions represented by Reference 
Mission A only one, scheduled in the 19 85-19 89 time frame, 
has a mass greater than the 10,000 kg, selected (see Table 
2-V). Only Operational Seasats, to be launched after 1985, 
are 96 kg heavier than the selected 3000 kg mass selected 
for Reference Mission B and these have an energy require- 
ment below the level selected. About half of the missions 
of Reference Mission C have mass greater than 1000 kg 
selected but their energy requirements are much lower than 
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that selected. For Reference Missions D, E and F each 
have a few payloads whose mass is greater than selected 
hut here again energy requirements are "below the levels 
selected. 

• Payload Dimensions - With exception of Reference Mis- 
sions A and D al 1 selected lengths and diameters are the 
same as the maximums shown in Table 2-V. For Reference 
Mission A the X-Ray Observatory (#8) has a length of 16 
meters (2.5 m greater than selected), which does not 
leave length in the Orbiter cargo bay for one OMS kit. 

Since this payload is considered a candidate for a dedi- 
cated launch "by the Shuttle with an OMS kit, thus to 
develop a reasonable candidate for a LES stage the length 
for Reference A payload was selected as 13*5 m. For 
Reference Mission D only two missions (total of 5 payloads) 
have diameters greater than the l.h m selected. Four of 
these payloads axe scheduled after 1985 and may not be 
well defined. 

• Orbit Altitude - With the exception of Reference Mis- 
sions D and E the selected circular orbit altitudes Eure 
equivalent to the maximum altitudes shown in Table 2-V. 
Several of the payloads grouped under Reference Mission D 
have higher altitudes but the 577 km circular orbit is a 
reasonable representation of the eleven missions and 22 
payloads . In the case of Reference Mission E all of the 
orbits are highly elliptical and the 1111 km circular 
orbit selected is representative of the energy required. 

• Orbit Inclination - All of the Reference Mission A model 
payloads require the 28.5° orbit selected. For Reference 
Mission B the payload orbits vary from 65° to 108°; the 
maximum plane change required from the selected Shuttle 
inclinations is only 9°. The inclinations required by the 
payloads of Reference Mission C are 28.5°, 56° and 57°; 
maximum plane change is 1°. The missions grouped under 
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TABLE 2-V SPECTRUM OF LES MODEL PAYLOADS MASS, 
DIMENSIONS AND DESTINATION ORBITS 


REFERENCE 

MISSION 

NUMBER OF MODEL 

PAYLOAD MASS ~ 
tfR n ri 

LENGTH 

~M (FT) 

DIAMETER (FT) 

ORBIT ALTITUDE~KM (NM) 

ORBIT INCL.'-'OEG. 

MISSIONS 

PAYLOADS 

MIN. 

MAX. 

MIN. 

MAX. 

MIN. 

MAX. 

MIN. 

MAX. 

MIN. 

MAX. 

A 

8 

17 

4000 

10830 

3 

16 

4 

4.5 

400 

500 

28.5 

29.5 




{8818} 

(23,878) 

(9.84) 

(52.5) 

(13.1) 

(14.8) 

(216) 

(270) 



8 

11 

38 

300 

3093 

1 

9 

2.2 

4 

400 

1000 

65 

108 




{661} 

(6819) 

(3.28) 

(29.5) 

(7.2) 

(13.1) 

(216) 

{540} 



C 

6 

32 

200 

2000 

1 

3 

4 

4.5 

400 

1000 

28.5 

57 




072] 

(9720) 

(3.28) 

(9.8) 

(13.1) 

(14.8) 

(216) 

(540) 



D 

11 

22 

150 

1000 

1 

1.8 

0.8 

4 

270 

1000 

28.5 

104 




(331} 

(2205) 

(3.28) 

(5.9) 

(2.6) 

(13.1) 

(146) 

(540) 



t 

3 

S 

54 

270 

1.5 

1.8 

0.8 

1.4 

PERIGEE 

APOGEE 

2.9 

28.5 




(118) 

(595) 

(4.52) 

(5.9) 

(2.6) 

(4.6) 

200 

68.860 





4 







(108) 

(37,180) 



F 

7 

10 

150 

300 

1.5 

1.8 

0.8 

1.4 

500 


90 

97.5 




(331) 

(661) 

(4.82) 

(5.9) 

(2.6) 

(4.6) 

(270) 







Reference Mission D require launches from both ETR and WTR 
"but the maximum plane change is only 9 • ■ Four of the mis 
sions grouped under Reference Mission E are Scout class ^ 
payloads scheduled for San Marco launches into 2.9° orbits; 
for launch from ETR they require 25.6° plane change. All 
of the missions of Reference Mission F are either polar or 
sun synchronous orbits required prior to 1 9 83 vhen the 
Shuttle becomes operational from WTR. They require plane 
changes up to about Ul°. 

, n.q. and inertias - Prior studies of a broad spectrum of 
payloads scheduled for launch by the Shuttle have shown 
that the c.g. of these payloads is generally about bQ% of 
the length measured from the payload - upper stage inter- 
face. Mass properties of the reference mission payloads 
were computed based on this c.g. location, the lengths-and 
diameters selected, and the assumption that the payloads 
have a homogenous radial mass distribution. The payloads 
are considered to be right circular cylinders. 

. Acceleration - The maximum allowable longitudinal accel- 
erations for Reference Missions A, B and C were obtained 
from Level B data (Reference 3). Since the payloads of 
Reference Missions D, E and F are primarily Scout class 
payloaos, allowable accelerations were obtained from ex- 
pected accelerations for those payloads on the Scout 
expendable launch vehicle. 

• S pin Capability - With the exception of the payloads^ 
grouped under Reference Mission A which require a 3-axis 
stabilization reference system,, all other payloads of the 
LES model can he spin stabilized during transfer to their 
destination orbit. For the payloads of Reference Missions 
B and C, which are scheduled for Shuttle launch, spin speed 
is about 100 rpm. Most of the payloads grouped under 
Reference Missions B, E and F are Scout class payloads and 

can he spun at 180 rpm. 
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Accuracy - The orbit altitude accuracy for Reference Mis- 
sion A was derived from the Level B data (Reference 3) for 
the large and medium sized observatories and laboratories 
and are quite restrictive and compatible with a 3-axis 
reference system required during transfer to the destina- 
tion orbit. Reference Mission B payloads are polar and sun 
synchronous satellites most of which have on-orbit adjust- 
ment propulsion systems. These systems quite often can 
accommodate additional fuel to provide final orbit inser- 
tion corrections at reasonable cost instead of requiring 
precise delivery accuracy. Also these payloads can be spun 
during deliver. For these reasons, accuracy requirements 
compatible with the level of energy to be expended and con- 
sistent with spinning attitude control were selected. The 
payloads of Reference Mission C are all capable of being 
spun and since the available Level B data was quite restric- 
ted, a level of accuracy requirement consistent with a 
spinning attitude control system and the destination orbits 
was selected. Since the payloads of Reference Missions D, 

E and F are predominantly Scout class payloads, the accuracy 
capability of Scout has been used. Orbit inclination 
accuracy of all Reference Missions was obtained from rei- 
nvent Level B data. 

Interface Requirements - Structural interface require- 
ments were obtained from Level B data. The effect of 
functional and other physical interface characteristics on 
the determination of cost-effective propulsion approaches 
for Shuttle upper stages is manifested in development and 
operational costs. Since the definition of Reference mis- 
sions and their payload requirements are intended to be used 
in the evaluation of propulsion system approaches in Task 
2 and since that evaluation is to be based on approach unit 
costs and Shuttle user charges, these interface costs will 
not be used, and have not been specified. 



• Shuttle Bay Installation - Some of the payloads of Ref- 
erence Mission A are so large that thiy may well require 
support at cargo hay attach points rather than support hy 
the upper stage. Other payloads of Reference Mission A and 
the payloads of all of the other Reference Missions can he 
supported hy the upper stage and it hy a cradle. The 
geometry of the payloads of Reference Missions A, B and C 
dictate that they he installed horizontally in the cargo 
hay. For payloads of Reference Missions A and B the lengths 
and diameters preclude vertical installation. The trend in 
the geometry of payloads of Reference Mission C over the 
last few years has been to increase the diameter and shorten 
the length to take advantage of the Shuttle user charge 
policy. However, the increase in diameter has produced a 
length charge for vertical installation that is greater than 
that for horizontal. Earlier shapes for these payloads had 
significant potential for vertical installations and the 
potential of reduced user charges. Payloads of Reference 
Missions D, E, and F all have potential for both horizontal 
and vertical installations in the cargo hay. 

2.3.2 Reference Mission Payload Characteristics and R equirements 

The characteristics and requirements of the payloads for each of 
the Reference Missions are shown in Table 2-VI. The first page of the table 
shows numerical and qualitative definition of the characteristics and require' 
ments devised in the previous paragraph. Sketches of each payload with 
dimensions, c.g. location and structural interface definition, are shown m 
the second page of the table. 

2.4 LAUNCH COST ENVELOPES 

The basic objective of the Low Energy Stage (LES) study is to 
determine the most cost-effective approaches to placing automated payloads 
into low energy orbits. For an approach to be "cost-effective”, it must, as 
a minimum, be cost competitive to NASA's existing/planned launch approaches. 
Cost and performance data for these approaches applicable to the low energy 
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TABLE 2- VI REFERENCE MISSION 


PAYLOAD CHARACTERISTICS AND REQUIREMENTS 


HI 

vn 


Mission 


A 


B 


c 


D 


E 


F 


PAYLOAD 


WEIGHT 

Kg 

(LB) 


SIZE 


10,000 

(22,050) 


3.000 

(6,015) 


1,000 

(2,205) 


200 

MAI) 


170 

(375) 


200 

(441) 


LENGTH 

M 

(FEET) 


DIAMETER 

M 

(FEET) 


13,5 

(44.3) 


(29.0) 


( 9.0) 


1.3 

5.9) 


1.0 

( 5.9) 


1.8 

< 5.9) 


4.5 

(14.70) 


MASS PROPERTIES 


'ROLL 
Kg M 2 
(LBFT Z ) 


4 

(13.12) 


4.5 

(14.70) 


1.4 

(4.59) 


1.4 

(4,59) 


25,313 

(6.0x105) 


6.000 

(1.42x105) 


'PITCH 
Kg M 2 7 
(LB-FT 2 ) 


164,531 

<3.9x10 E ) 


23,250 

(5.52x105) 


2,531 2,016 

(6.0x104) (4.78x104) 


49 

(11631 


42 

(997) 


1.4 I 49 
(4.59) j (1163) 

J 


’yaw 

Kg M 2 
(LSFT 2 ) 


164,531 

13.9x106] 


LONGITUDINAL 

ACCELERATION 

MAXIMUM 

ALLOWABLE 

g's 


23,250 

(5.52x105) 


2,016 

(4.78x104) 


79 

(1875) 


67 

(1590) 


79 

(1875) 


79 

(1875) 


67 

(1590) 


79 

(1975) 


10 


in 


10 


ORBIT INSERTION ACCURACY (3i>) 


HEIGHT OF 
PERIGEE 
Km 
(NM1) 


±20 

(± 10 . 8 ) 


± 10D 
(± 54) 


± 50 
(± 27) 


1250 
(± 135) 


±250 

(*135) 


HEIGHT OF 
APOGEE 
Km 
(NM1) 


±20 

(± 10 . 8 ) 


±250 

(±135) 


±100 
(± 54) 


± 50 
(± 27) 


±250 
(± 135) 


±250 

(±135) 


±250 

(±135) 


SPIN 

INCLINATION E CAPABILITY 
AND 

DEGREE ! MAXIMUM 
RPM 


±7 


±.5° 


± 2 “ 


± 1 ° 


NO 


YES 

100 


± 1 . 6 ° 


YES 

100 


YES 

180 


YES 

180 


STABILIZATION MODE 


TRANSFER 

ORBIT 


3 AXIS 


SPIN 


YES 
1 BO 


SPIN 


SPIN 


SPIN 


SPIN 


IN 

ORBIT 


3-AXIS 


3 AXIS 


3 AXIS 


(42"/.) SPIN 
(3814) 3 AXIS 
(20141 GRAVITY I 
GRADIENT 


SPIN 


SPIN 
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TABLE 2- VI 


REFERENCE MISSION PAYLOAD CHARACTERISTICS AND REQUIREMENTS (CONTINUED) 


REFERENCE MISSION A 
13.5m (44.3'j 


REFERENCE MISSION B 


— FWD 

r C d 

G 

^ P/L 

i " 


L* B.lm 

1 (26.6*) 

REFERENCE MISSION C 


P/LIF 

3.0m 1 L49m D. 

(g.8') - ** (4.88'D) 

I / : 

+± 

■+"'4.5^1 D 

-I — I-IA -7R' 



4.5m DIA 
{14.76' DIA) 


4.5m DIA 
(14.76* DIA) 



g C J 

[G 

i 

- S.p /L 

w 


(11.9') 


I 

" 4.0m 

{13.1 

— r i 


(4.88') 


REFERENCE MISSION E REFEREN CE MISSION F 


P/Ll~U: 
.72m — 
(2.36') 


1.4m DIA 
{4.59') 

FT 

. P/LIF 
1.22m 
'■ (4.0') DIA 




regime were the input for this subtask. Cost envelopes were established to 
represent costs of launching low energy payloads using existing approaches. 
Existing/planned launch approaches considered and groundrules relative to 
their use in the study are: 

• Orbiter Maneuvering Subsystem (OMS); both integral 
tanks and from one to three OMS kits. 

• Teleoperator Retrieval System (TES); with both two 
and four monopropellant tanks units. This system 
is considered a reuseable system. 

• Multimission Modular Spacecraft (MMS) with a PM- 
II propulsion module; since this system is dedica- 
ted to the payload it delivers, it is considered 
an expendable system in this study. 

• Spinning Star 48 (SSUS-D) with an apogee kick stage. 

The SSUS-D with an apogee kick stage is an adapta- 
tion of SSUS-D to provide a two bum capability for 
low energy payload capability. 

0 Scout expendable launch vehicle. 

All of these approaches, except Scout and OMS, are upper stage concepts that 
might be used in conjunction with the Shuttle. The Scout launch vehicle de- 
livers the payload from a ground launch to the destination orbit. 

2.4.1 Performance and Cost Definition 

The elements of the launch cost envelope are the performance 
capability of the existing/planned propulsion approaches and the cost to 
launch to the destination orbit. Performance of these launch approaches is 
defined in terms of payload weight delivered and the velocity increment 
capability above the Shuttle standard circular orbit altitude of 296 km and 
have been taken from Figure 2.4. Costs to launch the payloads consist of 
recurring costs of these launch approaches and Shuttle user charges for the 
launch approach but not for the payload. These costs include: 

• Unit acquisition cost for existing/planned launch 
approaches and Scout. 

0 Refurbishment costs for recoverable launch 
approaches . 
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• Amortization of the unit cost of any additional 
hardware required to support the low energy 
regime for recoverable launch approaches already 

funded. 

• Shuttle user costs for existing/planned approaches 
based on the Shuttle user charge policy. 

With these costing groundrules, unit costs for the existing/planned launch 
approaches were determined using cost data accumulated from the cognizant 
NASA centers or contractors. Shuttle user charges for the launch approaches 
were developed from the Space Transportation Syslem Users Handbook. 

In the development of user charge the length load factor was 
determined based on the length or width of the launch approach alone; length 
is used for horizontal cargo bay installation and width is used for vertical 
installation. Length of launch approach Airborne Support Equipment (ASE) 
(cradle) was not included for the following reasons: 

• ASE for most of the existing/planned launch 
approaches was not well defined in the early 
stages of the Shuttle. 

• Any cradle design that occupies significantly 
more cargo bay length than occupied by the 
stage will probably be modified to reduce ex- 
cess user charge. 

• Some ASE installation approaches allow other 
payloads to overlap cradle supports. 

• The launch cost envelope serves as a prelimi- 
nary screening function, consequently it is 
desirable to keep its use simple. 

The weight load factor is based on the weight of the launch approach plus the 
weight of the ASE including the cradle and launch support equipment. ASE 
weight was included since it directly impacts the user cost. ASE weights used 
were derived for the various existing/planned launch approaches as noted. 

• OMS - Reference IT and 18 

• TRS - Reference 19 

• MMS — Vought MMS cradle installation studies 
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• Spinning Stax 48 Plus AKM - Vought cradle 
installation studies 

An example of the development of total user costs for the envelopes 
is shown in Table 2- VII for the OMS Kits. Cost development for three versions 
of the OMS kits including a comparison of length and weight load factors on 
the Shuttle are shown. User cost is based on the larger of the two factors. 
Costs are shown for the four standard Shuttle inclinations since costs are a 
function of these inclinations when the weight load factor is predominant. 

2,4.2 Launch Cost Envelopes 

Six launch cost envelopes were developed for each Shuttle standard 
orbit inclination and Reference Mission combination using the data derived 
in paragraph 2.4.1. An example of the data is shown in Figure 2.5 for 
reference mission D as a plot of user cost in millions of dollars versus 
velocity increment available from the Shuttle in a 296 km circular orbit. 

The lowest cost launch approaches establish the envelope for the Shuttle orbit 
inclinations and Reference Mission payloads. Data for the other launch ap- 
proaches such as Scout, TBS, MMS and OMS are also shown to depict their 
relative cost and performance. 
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TABLE 2- VII USER COSTS FOR OMS KITS 


NUMBER 

OF 

KITS 

BAY LENGTH 
M/(FT) 

INSTALLED WEIGHT 
KG/ (LB) 

LAUNCH 

INCLINATION 

DEGREES 

LOAD I 

length! 

’’ACTOR 

WEIGHT 

COST 

FACTOR 

USER 

COST 

MILLIONS 

KIT AND 
NON-STANDARD 
ORBIT C0ST-$M 

TOTAL 

USER 

COST-$M 




28.5 

m 

1 

.335 

7.31 

.80 

8.11 



7401/ ( 16302) 

56 



.382 

8.33 

.80 

9.13 

1 

2.82/(9.25) 

90 


mm 

.588 

12.84 

.80 

13.64 




io4 

.154 

.544 

.725 

15.83 

.80 

16.63 




28.5 

1 

.453 

.605 

13.21 

1.80 

15.01 



13379/(29468) 

56 


.517 

.690 

15.06 

1.80 

16 . 86 

2 

2.82/(9.25) 

90 

.154 

.797 

1.06 

21.83 

1.80 

23.63 




io4 

.154 

.983 

- 

— 






28.5 

.154 

.663 

.884 

19.29 

2.80 

22.09 



19537/(43033) 


.154 

.756 

1.008 

21.83 

2.80 

24.63 

3 

2.82/(9.25) 

90 

.154 

1.16 


- 

- 

- 

NOTE 

1 

2 

io4 

— 

.154 

1.14 


3 

4 



NOTE: 


1 - REFERENCE 31 

2 - REFERENCE 32 c 

3 - BASED ON 21.834 X 10 b DEDICATED USER COST - REFERENCE 22 
ll _ KIT AND NON-STANDARD ORBIT CHARGE - REFERENCE 32 


NO. 

KITS 

NON-STANDARD 
ORBIT CHARGE-$M 

KIT USE 
C0ST~$M 

SERIAL IMPACT 
COST— $M 

Itil 

1 

.20 

.27 

.33 

.80 

2 

.20 

.53 

1.07 

1.80 

3 

.20 

.80 

1.80 

2.80 





























26 
24 

22 

1 


USER COST 
M$ 


12 


10 


% 


REFERENCE MISSi3N-D, WEIGHT - 200 KG {441 LB) 
WESTERN TEST RANGE 
90° INCLINATION LAUNCH 
USER COST IN MILLIONS OF DOLLARS 


REFERENCE 
MISSION D 

o 


jMNBJOj 


QMS (W) 


p- 


— IMUl 

“ 

W 

(4), 

— H 




-TRS (L) (2) 

— N 

. 




SCOUT (WTR) 


A. ^TRS-CORE (L) 


LEGEND 

(W) -WEIGHT LIMITED 
(L) - LENGTH LIMITED 


• COST ELEMENTS 

- STAGE UNIT COST 

- SHUTTLE USER CHARGE 
FOR STAGE ONLY 

• MID 1977 DOLLARS 

• MMS INCLUDES SPACECRAFT 
BUS AND PROPULSION MODULE II 

• TRS BASED ON UNMODIFIED 
SKYLAB BOOST TRS (9.4 FT. LG) 


_L 


1009 

(3,281) 


““2000 3000 4000 

(6,562) (9,842) (13,123) 

AV - METERS PER SECOND (FT/SEC) 
(VELOCITY INCREMENT ABOVE 296 km) 


5000 

(16,404) 


6000 

(19,685) 


FIGURE 2.5 TYPICAL LAUNCH COST ENVELOPE 
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TASK 2: FORMULATE AND EVALUATE CANDIDATE PROPULSION MODES 


The objective of this task was to formulate and select various 
propulsion inodes for handling the reference missions/payloads of Task 1. 

Four major activities were required to accomplish this task objective: 

(1) Formulate concepts for various propulsion 
modes - covered in paragraph 3.1 CANDIDATE 
PAYLOAD - DELIVERY APPROACHES 

(2) Develop an effective screening process - 
detailed in paragraph 3.2 SCREENING 
METHODOLOGY 

(3) Generate concept; parametric characteristics 
for screening - covered in paragraph 3.1 
CANDIDATE PAYLOAD - DELIVERY APPROACHES and 
3-3 COSTS AND CHARACTERISTICS OF CANDIDATE 
APPROACHES 

(4) Screen and select candidate propulsion modes 
for conceptual design effort in Task 3 - 
described in paragraph 3.4 COST/ SCREENING 
ANALYSIS 

3.1 CANDIDATE PAYLOAD-DELIVERY APPROACHES 

The objective of this subtask was to describe the formulation of 
candidate approaches and establish approach characteristics for screening. 
Categories of approaches considered include the use or adaptation of existing/ 
planned Shuttle or expendable launch vehicle upper stages and new upper stages. 

The approach to formulation of concepts was: 

• Reference Missions and payloads A through F from 
Task 1 were used to determine apogee and perigee 
velocity requirements. 

• Existing or planned approaches which meet these 
velocity requirements, and are suitable for 
Shuttle use, were then classified as candidates 
for subsequent study. 

• New approaches including tandem, clustered and 
controlled solids, liquid bipropellant and mono- 
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propellant and liquid/solid conceptr vare 
selected and sized for appropriate reference 
mission coverage and details of each were 
collected. Sufficient detail of other stage 
equipment, subsystems components and structures 
was established for performance and sizing. 

• Adaptations of existing or planned approach’s 
(which, when combined with new, existinr 
planned approaches are Shuttle compat 

also considered. 

• The Scout expendable launch vehicle was con- 
sidered. 

fhe results of this effort provide candidate configurations defined for each 

reference mission or group of reference missions. 

Requirements for an upper stage to transfer a payload from the 

Orbiter to a destination orbit of higher altitude and/or a difference incli- 
nation involves propulsion, attitude control and payload separation. Two 
impulses in near opposite directions are required: one at perigee and one at 
apogee. A broad range of propulsive impulses as a function of altitude and/ 
or inclination change are required. For solids some means of impulse adjust- 
ment such as a lie'll quench system, employment of energy management through 
inefficient orientation of the thrust vector, or clustered solids is required. 
Liquid main uropulsion systems require a two-pulse capability. The stage 
must provide’ an attitude reference from Shuttle ejection to spacecraft separa- 
tion. A control system must orient the stage for perigee bum and rotate the 
vehicle approximately 180 ° for apogee bum 45 minutes to an hour later. 
Orientation at perigee and apogee out of plane for inclination change and/or 
in-olane for energy management of solid propulsion systems may be required. 
Spinning stage concepts may be constrained by payload spin limitations and 
may require a nutation damper. Three axis stage concepts must provide thrust 
vector control during perigee and apogee burns in addition to providing 
pitch, yaw and roll control for coast periods for a wide variety of payloads. 

Requirements also exist for a payload separation system. 

Perigee and apogee velocity increment (AY) requirements for 

each of the reference missions were determined as a function of the amount 



of plane change accomplished at perigee and apogee of the transfer orbit. 

An example of the velocity increments and the total velocity requirements for 
Reference Mission B are shown in Figure 3.1. There are minimum and maximum 
AV required based on the distribution of plane change accomplished at perigee 
and apogee under the assumption of Hohmann orbit transfer. These maximum 
and min i mum AV s are shown in Table 3-1. Reference Mission A does not require 
a plane change. 

TABLE 3-1 VELOCITY REQUIREMENTS FOR REFERENCE MISSIONS 


REFERENCE 

MISSION 

REQUIRED 
PLANE CHANGE 
(DEG.) 

MINIMUM 
TOTAL DELTA-V 
MPS (EPS) 

MAXIMUM 
TOTAL DELTA-V 
MPS (EPS) 

A 

0 

115 (377) 

— 

B 

7 

991 (3251) 

Il60 (3806) 

C 

1 

4oo (1312) 

421 (1381) 

D 

6.5 

879 (2884) 

963 (3159) 

E 

25.6 

3290 {10794) 

3692 (12113) 

F 

41.5 

5239 (17189) 

5733 (18809) 


3.1.1 Existing/Planned Approaches 

To establish viable existing/planned approaches it was neces- 
sary to examine and establish characteristics of a variety of approaches and 
screen out approaches which were not applicable for the Shuttle. This 
procedure is described in the following paragraphs . 

3. 1.1.1 Candidate Existing/Planned Approaches - Existing or planned 
propulsion systems considered as potential approaches for the LES Study in- 
clude three systems planned for the STS and the Scout expendable launch 
vehicle (ELV). Integral OMS capability, as well as the added velocity avail- 
able from up to three OMS kits, provide capability in the very low velocity 
region of the LES regime. Two and four tank versions of the Teleoperator 
Retrieval System (l'RS), as both reuse able and expendable upper stages, have 
potential in the medium weight-low velocity region. The Multimission Modular 
Spacecraft (MMS), while primarily oriented toward on-orbit support to payloads 
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VELOCITY INCREMENT ~ M/SEC x 10~ 2 (FT/SEC x 10“ 


i 


NOTES: 1. REFERENCE MISSION B 

2. SHUTTLE ORBIT: 296 KM (160 NM1) AT 90° INCL. 

3. FINAL ORBIT: 1,000 KM (540 NMI} AT 97° INCL. 

4. HOHMANN TRANSFER 


14 r 

(39.4) 



FIGURE 3.1 TYPICAL REFERENCE MISSION VELOCITY REQUIREMENTS 


and payload return to the Orbiter, may be used to transfer from the Orbiter 
to the payload orbit. 

Potential exist ing/planned systems include two planned for the 
STS “ the Spinning Minuteman Third Stage (SSUS-A) and a Spinning Star 48 
(SSUS-D) stage. Other ELY upper stages are the Global Positioning System, 
the Block 5 D, Burner IIA and the Satellite Control Section. 

3. 1.1. 2 Screening of Approaches - Figure 3.2 provides sketches of each 

candidate existing/planned approach, physical size and weight, energy capa- 
bility, apogee energy capability, and attitude control system availability. 

The TBS and MMS/PMII appear attractive for low energy payload transfer -.nd 
were considered in the final screening in Task 6 of Volume IV. The Spinning 
Star 48 (SSUS-D) and Spinning MM III (SSUS-A) are relatively compact and 
possess adequate energy for booster application of a low energy stage and 
were considered as "adaptations" in the study. The Inertial Upper Stage (lUS) 
is much too large f or t he low energy r egime and was not co nsidered further. 

The two-stage Burner IIA ELV upper stage system has been out of production 
since 1974 and none are currently available. For this reason it was not 
considered further in this study. The Block 5D ELV upper stage is quite long 
for its energy capability in comparison to the spinning stages and its cost 
.is high, and was therefore not considered further in this study as a candidate. 
The Global Positioning System (GPS) is long for its energy capability and has 
no guidance and control system and therefore was not considered further in 
this study. The Satellite Control Section is primarily a satellite support 
concept. It provides power communications and other functions as well as 
modules to house instruments and experiments. The monopropellant propulsion 
system mass fraction is quite low. For these reasons, this system was not 
considered further in the study. In Figure 3.2, the top four approaches were 
selected for further study and included in the final screening in Task 6 of 

Volume IV. 

3.1.2 Hew Propulsion Approaches 

This section addresses candidate new propulsion approach identi- 
fication and initial screening, candidate subsystems, sizing of candidate 
approaches and characteristics of approaches. Emphasis was placed on con- 
figuring new approaches into compact, well integrated stages which reduce 
Shuttle installation length while using existing hardware or proven technology. 
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3. 1.2.1 New Propulsion Approaches - Candidate new propulsion approaches 

which satisfy reference missions requirements were identified and screened. 

This section provides rationale for and results of this effort. Propulsion 
system characteristics considered desirable for screening purposes are: short 
length, low weight, good performance, low unit cost, low development cost and 
risk, high reliability and wide off-design performance capabilities through 
impulse variability. 

(a) Identification of Candidate Concepts - Six basic types 
of propulsion approaches considered candidates are tandem solid, clustered 
solid, controlled solid, liquid bipropellant , liquid monopropellant and 
liquid/solid. 

• tandem Solid - This expendable launch vehicle approach 
utilizes off-the-shelf and/or new conventional solid 
motors with class 2 propellants. Because of the wide 
range of total impulse available from existing motors, 
new design motors were not considered-necessary. 
Modifications were limited to shortening of the exit 
cone to an expansion ratio of 30:1. For length- limited 
applications, long exit cones usually present on ELV 
upper stage motors are not desirable. 

• Clustered Solid - Solid motors are clustered as re- 
quired to meet the velocity requirements . Potential 
problems of thrust misalignment resulting from dif- 
ferences in ignition and propellant burn rate were 
considered significant but the short stage length 
achievable made this concept attractive. Flat pack 
concept has motors clustered normal to the vehicle 
longitudinal axis in order to reduce vehicle length 
and decrease thrust misalignment problems inherent in 
the conventional cluster approach. Nozzles are placed 
as close to the centerline as practical and Canted to 
direct the thrust through the vehicle center of gravity. 
To reduce control force due to thrust misalignment, low 
thrust and end burning motors can be used. To reduce 
cost, relatively inexpensive cartridge loaded grains 
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are desirable. Total impulse variability is achieved 
by varying the number of motors and propellant grain 
length, 

• Controlled Solids - If start-stop* start-stop capa- 
bility is available, a single solid motor can be used 
for both apogee and perigee burns. This results in a 
; gnificant length reduction over a solid solid tandem 
configuration. Thrust extinguishment with reignition 
capability can be achieved by use of pintle nozzle, 
liquid quench and liquid/solid hybrid configurations, 

(l) Pintle Nozzle — Pintle nozzle technology is 
probably the most fully developed of all the variable 
impulse concepts. A special propellant blend of 
slightly lower performance than conventional propellants 
is normally used. This concept is capable of stop and 

■ — restart at any time during the burn. Inadvertent re- 
ignition is not possible with the pintle open in a 
properly designed system. 

^ kj-iuid Quench - Liquid quench technology has been 
demonstrated with non-class 2 propellants but has not yet 
been developed. Most quench motors cannot be quenched 
over the full operating range, thus small and large 
motors or stage energy management may be required to 
cover a broad mission spectrum. 

(3) Liquid/Controlled Solid - Technology has been 
developed in which a solid motor will only sustain com- 
bustion with the addition of a liquid. This concept has 
been demonstrated on the High Altitude Supersonic Target 
vehicle. System complexity and development effort re- 
quired make this concept less attractive than the pintle 
nozzle and the liquid quench. 

W Dual Pulse - Two discrete burns can he achieved 
with an end burning motor by placing a barrier in the 
grain at a predetermined point. This concept has been 
developed in a small diameter missile. 
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• Liquid. Bipropellant - This concept consists of multi- 
propellant and pressurant tankage arranged for low 
length to diameter ratio, a single short central main 
thruster, and one or more maneuver or nutation control 
thrusters with common feed system. One basic configura- 
tion is sized to meet high energy mission requirements 
with low energy derivatives in which propellant and/or 
tankage is deleted. Proven thrusters, system hardware 
and technology are available. Hew propellant tankage 
using proven technology and tailored for compact pack- 
aging, provide good modularity potential. 

• Liquid Monopropellant - This concept also consists of 
multi-propellant and pressurant tankage arranged for 
low length to diameter ratio but utilizes four thrusters 
which also function as maneuver or nutation control. 

One basic configuration is sized for high energy mis- 
sions with low energy derivatives where propellant or 
tankage is removed. Proven thrusters, hardware and 
technology are available. New propellant tankage in- 
corporating proven technology and tailored for compact 
packaging, also provide good modularity. The monopro- 
pellant system is less complex and lower in cost but 
lower in performance than the bipropellant concept for 
similar size systems. 

• Liquid/Solid - This concept offers the high mass 
fraction and bulk density advantages of the solid along 
with the packaging and impulse variability capabilities 
of the liquid. A conventional solid is used for the 
first velocity increment and a liquid packaged compactly 
around the solid is used for the second increment. 
Adaptations in which exist ing/planned motors are used 
are compatible with this concept. 

(b) Screening of Candidate Concepts - Advantages and dis- 
advantages of each candidate system are summarized in j.able 3-II, and form 
the basis for initial screening. Most of the candidate systems are retained. 
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TABLE 3— II CANDIDATE ggOgULSICE APPROACHES 


SYSTEM 

I 

ADVANTAGES 

DISADVANTAGES 

RETAINED AS 
CANDIDATE FOR TASK 2 

Tandem Solid 

■ Off-the-shelf qualified hardware 
and technology 

• High performance and mass frac- 
tion 

• Length efficient for vertical 
payloads 

• Compatible with solid adaptations 

• Conventional stage design 

• Length inefficient for hori- 
zontal payloads 

• Poor impulse variability 

• Two stage complexity 

• May be inaccurate with energy 
management 

• Yes 

Clustered Solid 

• Length efficient for horizontal 
or vertical payloads 

» Off-the-shelf technology 

• High performance 

• Good impulse variability 

• Single stage simplicity 

• Poor mass fraction 

« Motor and thrust control 
likely a problem 

• Development/qualification for 
new motor size as required 

• Unconventional design 

« Not compatible with solid 
adaptations 

« CG control may be a problem 

• Yes 

Controlled Solids 

- Liquid Quench 

- Pintle Nozzle 

- Liquid Control 
Solid 

- Two Pulse Solid 

• Length moderate for horizontal 
payloads 

• High performance and mass frac- 
tion 

• Compatible with solid adaptations 

• Conventional stage design 

• Basic technology proven 

« Single stage simplicity 

• Good impulse variability 
(pintle and liquid control) 

• More extensive technology 
development for liquid quench and 
pintle nozzle. 

• Extensive development /quali- 
fication required 

• Relatively high risk program 

• Yes - Liquid 
Quench & Pintle 
Nozzle 

• No - Liquid Con- 
trol Solid and 
Two Pulse Solid 





TABLE 3-II CANDIDATE PROPULSION APPROACHES (CONT'P) 


SYSTEM 

ADVANTAGES 

DISADVANTAGES 

RETAINED AS 
CANDIDATE FOR TASK 2 

Liquid Bipropellant 

• Off-the-shelf qualified hardware 
and technology 

• Length efficient for horizontal 
or vertical payloads 

« High performance 
e Single stage simplicity 

• Good impulse variability 
c Packaging flexibility 

• Fairly low mass fraction 

• More complex than most 
solids and monopropellant 
system 

• Yes 

Liquid Monopropellant 

• Off-the-shelf qualified hardware 
and technology 

• Length efficient for horizontal 
or vertical payloads 

• Less complex than biprop ell ant 
but more than most solids 

• Single stage simplicity 

• Good impulse variability 

• Packaging flexibility 

• Low mass fraction 

# Low performance 

• Yes 

Liquid/Solid 

• Off-the-shelf qualified hardware 
and technology 

• Moderate performance and mass 
fraction 

• Good impulse variability 

• Packaging Flexibility 

• Length inefficient due to 
solid 

• Complex two stage system 

• Yes 





Exceptions are the liquid controlled and dual pulse solids. The liquid con- 
trolled solid was deleted because more technology development effort has 
been expended on the competitive pintle and liquid quench concepts. Since 
the dual pulse solid has a large diameter, development risk for the barrier 
and second ignition is relatively high. Impulse of this concept is inflexible. 

3. 1.2. 2 Candidate Subsystems - This section identifies the candidate 

subsystems and components assumed and baselined for Task 2. Included are 
main propulsion, guidance, electrical, structure, RCS, other miscellaneous 
stage hardware, and ASE. Each subsystem discussion addresses all the concepts 
except where specifically noted. 

liquid Propulsion - Liquid main and RCS propulsion system con- 
siderations of propellant type, propellant transfer and components are lllus- 
traded in Table 3-III. liquid system, subsystems and components baselined for 
Task 2 are those enclosed by boxes in Table 3-HI. For instance, spherical 
and conospherical propellant tankage incorporating metal diaphragms were used 
in "studies-. H3±se- t weight and functional -ch ar" ct eristics o f the liquid s ystems 

are defined in 3.1.2. 3 and 3. 1.2. 4 for a typical system. 

Solid Propulsion - Solid main propulsion system hardware, 
technology and formulation rationale are described in Table 3-IV. Formulation 
approaches baselined and accompanying rationale are identified by box enclo- 
sures in Table 3-IV. Characteristics are described in 3.1.2. 3 and 3. 1.2. 5 
for a typical system. 

Guidance and Control System - Based on payload accuracy re- 
quirements from Task 1, an error budget was established. At this point m 
the study it was determined that LES must accumulate no more than one (l) 
degree additional attitude error from the time it is deployed £rom the Orbiter 
until the payload is injected into its final orbit. The duration of the LES 
flight from deployment to payload injection can be as long as 1-1/2 to 2 hours, 
In addition to satisfying these requirements and the stage functional require- 
ment, the system must also handle command functions, signal conditioning, nuta- 
tion damping or three axis stabilization as required. The systems meeting 
the qualification criteria that were considered are the Ball Brothers STRAP, 
Ball Brothers DACS, the Space Vector MIDAS (Hawkeye), and the Teledyne SOFT/ 
DOT. The evaluation of these systems is shown in Table 3-V. 

Based on the systems considered, the Teledyne SOFT/DOT system 
with the dry-tuned flexure gyros on a roll stabilized platform was selected 
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TABLE 3-III LIQUID PROPULSION CANDIDATE SUBSYSTEMS ML COMPONENTS 


PROPULSION 

SYSTEM 


PROPELLANT 


MAIN 


- BIPROP 

- MONOPROP 


I RCS+ FOR LIQUID* 
MAIN: COMMON 
TANKS AND 
THRUSTERS 


vn 

-pr 


RCSj-FQR SOLID — 
MAIN: SEPARATE 
MONOPROP 


MONOPROPELLANT | 


CRYOGENICS 


COLD GAS 


PROPELLANT 

TRANSFER 


r*~ js IPROPELLMT h " ■ J re GULATED~| * 


BLOWDOWN 
- INEFFICIENT 
PACKAGING 


ID 


TURBOPUMP FEEI 
- NONE AVAILABLE 
IN REQD SIZES 


HYDRAZINE 
PRESSURIZATION 
SYSTEM ! 

- NONE AVAILABLE 
IN REQD SIZES 


COMPONENTS AND TYPES 


S .vjPELLANT 
TANKAGE 


- PROVEN CONCEPT 

- ZERO PERMEAB. 

- SPIN & 3-AXES 

- MULTIPLE TANKS 


PRESSURANT 

TANKAGE 


- OFF SHELF 

- CATALOGS 


- ^THRUSTERS] " 


- PROVEN CONCEPT 

- LOCATION 

- QUANTITIES " 


MI3C. FLOW SYSTEM! 
COMPONENTS 


H SPHERE | 


IconosphereI 

CYLINDER 


■METAL DIAPHRAGM ( 
SURFACE TENSION SCREEN 


" {SPHERES | 


p jsHUTTLE BIPROPl 

■ Iapollo/lem biprqp! 

MM III BIPROP 

MbLOCK 5T> MONO | 
IUS/TRS MONO 


■ {single I 

- AK & AK/PK 

■ {multiple 1 

- AK & AK/PK 

- LIQUID SOLID ALONE 



APOLLO /LEmI 





TABLE 3-IV CANDIDATE SOLID PROPULSION HARDWARE/TECHNOLOGY 


PROPULSION SYSTEM 


HARDWARE/ 

TECHNOLOGY CONFIGURATION 


SnT.TTi fpAWTYPM 

1 I 

OFF-THE-SHELF 


VEHICLE CONFIGURED 
FROM EXISTING MOTORS 


1 

m j 








THIOKOL 

AEROJET 

CSD 


ui 

vn 




ADVANCED CONSIDERED 

TECHNOLOGY UNNECESSARY 



NEW DESIGN 


NEW DESIGN 


VEHICLE CONFIGURED 
FROM EXISTING MOTORS 


NEW DESIGN 


ARC 

















vn 

CJ\ 


TABLE 3-V CANDIDATE , GUIDANCE SYSTEMS 


SOURCE 

STATUS 

EVALUATION 

SPACE VECTOR 

Flight Qualified on Havkeye 
(Scout S-191) 

* 

MIDAS Platform 
( 2 —DOF Gyros) 

- Drift rate 30°/hour (3 sigma) 

- Not practical to modify to de- 
crease drift rate 

- Unacceptable 

BALL BROTHERS 

One unit produced and qualification 
tested for Kitt Peak National Observa- 
tory. Program terminated before 
flight. 

i 

- Drift rate 2°/hour (3 sigma) 

- Not flight qualified 

- Unacceptable 

DACS 

TELEDYNE 

Flight qualified on SOFT 

j 

i 

- Drift rate 0.03°/hour (3 sigma) 

- 1969-1970 design requires moderni- 
zation for long term program 

- Acceptable for spin stab. LES 

SOFT/DOT 

(Dry, Tuned Flexure 
Qyros) 

SCOUT 

(Dry, Tuned Flexure 
Gyros) 

Presently being developed to meet the 
MSA Scout Phase VIII guidance and 
control requirements . 

- Drift rate 0.03°/hour (3 si/pna) 

- Acceptable for 3-axis LES 
















lor the spin stabilized stages. This system was night qualified on the 10IT 
program, has adequate aecuracy (0.03 degree/hour drift rate, 3 sigma), and 

ZZ71T - s isnal conditioning. This same system, 

8 r ° S abIllzed Platform, has been repackaged and is being quali- 

fied for the MSA Scout program and this configuration Wes selected for th- 

stag 13 “ StaS85 ' SJSt8 “ Sel8Ct ' d ^ «- ■*» stabilized" 

g consists of four packages and weighs 24.7 kg (54.5 lbs.). The dimen- 

sions of each component are: 

Roll Stabilized Platform, 17.78 cm dia. x 24.765 cm 

(7 in. dia. x 9. 75 in') 

- Platform Electronics, 30.5 cm * 23.57 cm. x 14.3 cm 

(12.03 in. x 9.28 in. x 5.63 in.) 

- Computer, 2*5.8 cm x 25.17 cm x 11 cm 

(18.03 in. x 9.91 in. % 4.63 in.) 

- Thruster Electronics, 7.62 cm x 10. 16 cm x 8.89 cm 

(3 in. x 4 in. x 3.5 in.) 

e system selected for the 3-axis stabilized stage configurations is contained 
in a single package and weighs 20.3 kilograms (44.8 ponnds). This package 
28.S cm x 39,37 cm * 19. 6 cm (11.26 in. x 15.5 in . x 7-T in-) _ 

one or tw T ° ' “* ^ Stabili!:ea ™ configurations, 

on o, two reaction control system (ROB) thrusters are required to provide 

w^th rat r T “ Utati ° n damPlnS 81,4 ** —Nation. Configurations 

0 5 and lY r ° n lnertla t0 ““““ ° f th8 PlUS Pa3rlot “ : bat>, « en 

Yf“ . "T* *" r8a ° ti0n 8 ° ntr01 ttoU5terS - SHBt, stabilized 

configurations, four thrusters are used for attitnflo , 

were ean+( ,„ * + ),* „ attitude control. These thrusters 

ere canted at 4 5 degrees and provide control about pitch, yaw and roll axes. 

control analysis to establish SOS thrust requirements is detailed in 
paragraph 4.0, 

Te lemetry Syst em - Per the housekeeping and performance tele- 
metry system, a Conic Corporation Model CTM-UHF-310E, 8 watt, S-band trans- 
mitter was selected. This unit weighs 0.91 kg (2 lbs.), is U. T cm x 3.5 cm X 
n.7 cm (4.62 in. x 1.38 in. x 4.62 in., and is typical of space qualified 

Scout 23-004131 antenna was selected as being typica, of space qualified 
antennas az»ilable for use in telemetry systems. This nrtenna weighs 0.57 kg 
(1.25 lbs.). Since the required signal conditioning and data formating is 

required^ “ ^ Sm8 " ° 0 " Pat8r> n ° S8parMi! conditioner is 
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Electrical Power and Cabling end Ignition System - Electrical 
power is provided by an automatically activated silver-zinc battery. The 
estimated power requirements for the stage are shown in Table 3-VI. It is 

TABLE 3-VI ELECTRICAL POWER REQUIREMENTS 


COMPONENT 

OR 

SYSTEM 

VOLTAGE 

CURRENT 

(AMPS) 

POWER 

(WATTS) 

TIME 

(HRS) 

ENERGY 

(WATT-HOURS) 

ACS Electronics 

28 

4.28 

119.84 

1.5 

179.76 

RCS Values 

28 

1.0 

28 

0.15 

4.2 

Timers (10) 

28 

.035 

0.98 

1.5 

1.47 

Relays (10) 

28 

0.62 

17.36 

.00277 

0.0482 

Propulsion Valves 

28 

2.0 

56 

.08333 

4.67 

Telemetry 

Transmitter 

28 

3.6 

100.8 

1.5 

151.2 

Average Power 



227.57 



Total Energy 

- , 




341.35 


estimated that an automatically activated silver-zinc battery., which provides 
these requirements with a twenty percent reserve, weighs 14.52 kg (32 lbs) 
and has dimensions of 12.7 cm x 17. 8 cm x- 33.0 cm (5 in. x 7 in. x 13 in.). 

The electrical cabling -s estimated to be similar in quantity and complexity 
to that being used in Scout Lower D Section which weighs 11.3 kg (25 lbs,). 

The ignition system consists of: 

(a) An Ignition Control Unit containing firing capacitors, 
firing switches and safe arm relays - this unit is 
estimated to weigh 1,54 kg (3.4 lbs) and occupies 
1737 cc ( 106 cu . in . ) . 

(b) A sequencer for initiating ignition firing commands - 
for this preliminary system definition. Model 4l00 
timers manufactured by Cyclomatic Industries, Inc. 
are selected to fulfill the sequencer function. For 
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solid systems, eight of these timers are required 
whose total weight is 1.36 kg (3.0 lhs.) and whose 
volume is 688 cc (42 eu.in.). For liquid systems ten 
timers are required whose total weight is 1.7 k.g 
(3.75 lhs.) and whose volume is 852 cc (52 eu.in.). 

(c) Deployment switches for starting the timers at de- 
ployment of the stage - to satisfy redundancy and 
safety requirements six deployment switches are used. 
They are similar to Microswitch 602EN126-6 switches. 

The weight of the six switches is .52 kg (l.l4 lhs.). 
The total weight for the ignition system is approximately 3.4 kg (7-5 lhs.) 
for solid stages and 3.8 kg (8.3 lhs.) for liquid stages. 

Structure - Structural concepts selected are: 

• Two Stage Solid/Liquid Propulsion 

Booster Stage - Conventional Monocoque 
Delivery Stage - Combination Truss and Sandwich 

• Two Stage Solid/Solid Propulsion - Conventional Monocoque 

• Controlled Solid Propulsion - Conventional Monocoque 

• Clustered Solid Propulsion - Combination Truss and 
Sandwich 

• Liquid Propulsion - Combination Truss and Sandwich 

The combination truss and sandwich construction employs truss members as pri- 
mary load bearing structure and the sandwich for subsystem and component 
mounting. The parametric structural weight equations in Tabli 3 -VI I were 
derived empirically from Shuttle upper stage data available from previously 
completed studies. Weight derived from these equations includes structure, 
stage and payload separation provisions, payload and interstage adapters and 
bracketry and is based on aluminum construction. 

, Reaction Control System (RCS) - A separate monopropellant 

RCS was considered for solid propulsion systems. All liquid systems consider 
use of either bipropellant or monopropellant RCS which shares tankage with 
the main propulsion system. For spin stabilized systems, a total impulse 
capability of 32025 N-sec (7200 lb f -sec) was used based on prior studies. 

Three axis systems were also used to provide the same total impulse capability. 
The number of maneuver /nut at ion thrusters for spin systems and for the three 
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TABLE 3-VII 


PARAMETRIC STRUCTURAL WEIGHT FOR 
CANDIDATE NEW PROPULSION APPROACHES 


PROPULSION APPROACH 

PARAMETRIC STRUCTURAL 
WEIGHT - Kg 

Two Stage Solid/Liquid 

- Booster Ste.ge 

- Delivery Stage 

M (W P;L ) 1/2 + .63 (W Pl )l/3 
•73 (w PjL + Wpg ) 1 ^ 2 + 7-71 

Two Stage Solid/Solid 

- Booster Stage 

- Delivery Stage 

1.24 (W Pl ) 1/2 + .61 (w Pl ) 1/3 
.82 (W P1 + U-p 2 ) 1/2 + 7.71 

Controlled Solid 

. 82 .(Wp ) li/2 + 7.71 

Clustered Solid 

4.52 (Vp) 1/£ + 7-71 

Liquid 

1.21 <Wp ) 1/2 + 7.71 

Wp » Weight of propellant 
Wp^ = Weight of propellant - First Stage 
WPp * Weight of propellant — Second Stage 


axis system were described* previously. Thrust levels were 445 N (100 lbf) 
for b ipropellant and 623 N (l40 lbf) for monopropellant systems based on use 
of existing hardware and prior studies. Characteristics of the RCS are shown 
in Tables 3-VIII, 3-IX, and 3-X and a typical separate monopropellant RCS 
schematic is given in Figure 3.3. 

Thermal, Destabilization, Spin Balance and Contingency - 
Thermal blankets, heaters and control hardware, etc. weight was estimated to 
be 2.3 kg (5 lb m ) and is independent of size or type propulsion system. In 
addition, a destabilization and spin balance weight allowance of 9 kg (20 lb m ) 
was assumed for both spin and three-axis stabilized stages. 

Airborne Support Equipment Weight - The weight for the Airborne 
Support Equipment for use in the determination of Shuttle user charge for the 
candidate propulsion approaches was derived as a function of the stage weight 
from the following equation. 

Weight of ASE (kg) = .151 x weight of stage + 505 
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TABLE 3-YIXI SEPARATE MOH OPRQPELLAHT R EACT IOH __CONTROL-SYSgEM 


HH AR ACTERISTICS 

- Propellant carried in separate 
tanks, separate thrusters, lines 
and instrumentation 

propellant 

- N 2 H4 

TOTAL IMPULSE 

- 32,025 N-see (7200 Ihf-sec) 

WEIGHT •} TOTAL 

- 35.2 kg (77.6 lhm) (Mission B) 

tiraht.E PROPELLANT 

_ 16.3 kg (36.0 lhm) 

THRUST LEVEL 
REEOTEIC IMPULSE 
SIZE 

_ to 689 N (155 Ibf) 

- 1961 m/sec (200 lh f -sec/lhm) 

(Mission Average) . 

_ Propellant Tank - 33-5 cm (13.2 m.) 

sphere 

_ Pressurant Tank - 24.4 cm (9-6 in.) 

sphere 

- Thruster - 11.76 cm (4.4 in.) dia, 
(R-30A) 27.9 cm (11 in.) length 

T-m. THRUSTERS 

- Mission A - 4 Mission P - | 

Mission B - 1 Mission E - 2 

Mission C - 2 Mission E - 2 
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TABLE 3-IX COMMON BIPROPELLANT REACTION CONTROL SYSTEM 


CHARACTERISTICS 

Propellant carried in main tanks; 
separate thrusters, lines and 
in st r ument at ion 

PROPELLANT 

- N20]|/MMH 

TOTAL IMPULSE 

32,025 N-sec (T200 lhf-sec) 

WEIGHT, TOTAL 

2.3 kg (5.0 lhm) (Mission B) 

RCS PROPELLANT ALLOWANCE 

13.6 kg (30 Ibm) 

THRUST LEVEL 

41+5 N (100 lt> f ) 

SPECIFIC IMPULSE 
SIZE 

2354 m/sec (240 lbf-sec/lbm) 
(Mission Average) 

_ Common propellant and pressurant 

tankage varies with mission 

— Thruster 15*2 cm (6 in.) dia. , 
34.0 cm (13.4 in.) length R-4D 

NO. THRUSTERS 

Mission A - 4 Mission D - 2 
Mission B — 1 Mission E — 2 
Mission C - 2 Mission F - 2 
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table 3-X common monopropellant ^ agtion_cqntr ql syste m 



characteristics 


Thrusters for RCS are wain 
thrusters; propellant is 
carried in main propellant tanks 


propellant 

TOTAL IMPULSE 


- N2 h 4 

- 32,025 N-sec (7 2 °0 ltf-sec) 


WEIGHT, TOTAL 

PCS PROPET ,T, ANT ALLOWANCE, 

THRUST LEVEL 

SPECIFIC IMPULSE 

SIZE 


- 16.3 kg (36 lhm) 

- to 633 N (l40 Ibf) 

- 1961 m/see (200 Ibf-sec/lbm) 
(Mission Average) 

- Common propellant and pres sur ant 
tankage varies with mission 


- Thruster 11.9 cm (4.7 in.) dia. , 
39.4 cm (15.5 in.) length (mam 
thruster) MR-10 4 
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PRESSURANT 
FILL AND 
VENT 



OVERBOARD 
DUMP SQUIB 
VALVE 



PRESSURANT TANK 


HELIUM 

PRESSURE & TEMPERATURE 
TRANSDUCER (T&F) 


PRESSURANT SQUIB VALVE 
TEST PORT (TYP) 


J~[) PRESSURE REGULATOR 




M 


CHECK VALVE 


RELIEF VALVE 



PROPELLANT SQUIB VALVE 
PROPELLANT FILL & DRAIN VALVE 

HYDRAZINE PROPELLANT TANK 

PROPELLANT FILL & DRAIN VALVE 
PROPELLANT SQUIB VALVE 


PROPELLANT 

FILTER 


MANUAL 

PROPELLANT DRAIN VALVE FILTER 



N 2 H 4 FEED PRESSURE 
>~A~/ & TEMP TRANSDUCER 




CHAMBER PRESSURE & TEMPERATURE 
TRANSDUCER 

MANEUVER/NUTATION 
CONTROL THRUSTER 


FIGURE 3.3 MONOPROPELLANT RCS SCHEMATIC 
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This equation was derived empirically on a least square curve fit to a plot 
of ASE weight versus stage weight for SSUS-D, SSUS-A, MMS, TES and other ASE 
point design weight studies. 

Vehicle/Configuration Weight Summary - Each of the subsystem 
weights described are combined with other vehicle weights and shown later in 
Figure 3.6. For contingency allowance purposes, ten percent of the stage 
inert weight, exclusive of main propulsion, was assumed to account for stage 
component weight variations and potential use of alternate lower cost hard- 
ware . 

3. 1.2. 3 Candidate Approach Synthesis - Preliminary screening of new 

propulsion approaches and identification of candidate subsystems baselined 
the candidate stage hardware possibilities. Considering the remaining appro- 
aches, subsystems and reference mission energy levels, a potentially large 
number of stages still remained. However, by formulation and synthesis of 
approaches to maximize mission coverage, minimize stage length, and maximize 
use of adaptations of existing/planned hardware, the most desirable stages 
were selected. 

Solid/ Solid Tandem - This approach is governed primarily by 
availability of appropriate existing/planned motor or stage performance 
capabilities. Perigee motors selected for the high energy reference missions 
were the Spinning MM III (SSUS-A) as an upper limit, the Star 37 as the lower 
limit and the Spinning Star 48 (SSUS-D) as a mid-point. Motors smaller than 
the Star 37 were too small to affect high energy capture. Early in the screen- 
ing process it was found that the Spinning MM III (SSUS-A) was so large as to 
have much poorer off mission capture capability than the Star 37 and the 
Star 48 (SSUS-D) and it was dropped from further consideration in this study. 
Two configurations which satisfy reference mission B were synthesized as 
propulsion group 1 (Table 3-Xl) consisting of a Spinning Star 48/Solid AKM 
and group if 3 consisting of a Star 37/Solid AKM. Two solid AKM's were consi- 
dered for group. #1. A single configuration for reference mission F (group 
#2) consists of a Spinning Star 48 with Solid AKM. 

Clustered Solid - The clustered approach is also limited by 
existing motor capability. Group 5 was planned for this approach. The flat 
pack endburner approach (group 4) was conceived during Vought in-house studies. 
These studies show that a realistic maximum number of motors is six and that 
mission coverage is achieved by either reducing grain length, case length, 
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TABLE 3-XI PROPULSION MODE APPROACH DEFINITION 



PROP! IT, SI-ON GROUP NO. AND IDENTIFICATION 

ADAPTATION OR 
NEW APPROACH 

SIZING 

REFERENCE 

MISSION 

OTHER 

MISSION 

COVERAGE 

EXPECTED 

ArirnUAUn 

SOLID/SOLID 

TANDEM 

1. STAR 48 /SOLID AKM 

2. MINUTEMAN 3RD STAGE SOLID AKM 

3. STAR 37 /SOLID AKM 

ADAPTATION 

ADAPTATION 

HEW 

B 

F 

B 

A,C,D,E 

A,C,D,E 

SOLID/SOLID 

CLUSTER 

4. FLAT PACK - END BURNING 

5. CLUSTERED LOW L/D CONVENTIONAL MOTOR 

NEW 

NEW 

B 

B 

A,C,D 

A,C,D 

CONTROLLED 

SOLID 

6. LIQUID QUENCH 

7. PINTLE NOZZLE 

NEW 

NEW 

B 

B 



A* ** *** C 
A,C*D 

SOLID/LIQUID 

8. STAR 48/BIPROPELLANT 

9. STAR 48/MONOPROPELLANT 

10. MINUTEMAN 3RD STAGE OR STAR 48/ 
#*MODULAR BIPROPELLANT 

11. MINUTEMAN 3RD STAGE OR STAR 48/ 
*#*MODULAR MONOPROPELLANT 

12. MODULAR STAR 37/BIPROPELLAN'T 

ADAPTATION 

ADAPTATION 

ADAPTATION 

ADAPTATION 

NEW 

B 

B 

F 

F 

B 

A&E/C&D* 

A&E/C&D* 

A&E/C&D 

liquid 

13. MODULAR BIPROPELLANT 

14. MODULAR MONOPROPELLANT 

NEW 

NEW 

B 

B 

A,C,D 

A,C,D 


J — 


*FULL PROPULSION GROUP NO. FOR A&E; UPPER STAGE FOR C&D 

**CONFIGUEED FROM PROPULSION GROUP NO. 13 HARDWARE 

***CONFIGURED FROM PROPULSION GROUP NO. 14 HARDWARE 




number of motors, or a combination o pintle nozzle and 

controlled Solid - Mission coverage for the prntle 

liquid quench motors is assumed to he provided by a single motor Sized for 

Heference .fission B. Group #6 identifies the liquid quench snd group #1 

pintle nozzle motor configuration (Table 3-XI). 

aniiS/Tii nm'.d and liquid - Several options are available 

the liquid/solid concept. With a relatively small solid KM (Star 37). a 

j. an-i-i qfV Heference Missions B and E. 
medium-size liquid system is required to satisfy Eeferen 

The medium-sized liquid captures a relatively large portion of the spacecr 
Wei gbt- velocity envelope at medium length and user charge. For a large 
Istfr 48/small liquid,, the liquid captures a proportionally 

of the envelope at short length and low user charge. Conversely a^large^ 

liquid sized to provide Beference Missions B and E “ Ter *e e trales to 

envelope at the longest liquid length and highest user charge. The tr 

determine the most cost-effective system depend cu the nusber 

. i - /cni •; qize. Some of tne suage paj 

missions for each liquid size and liquid/ solid siz 

•hi p of vertical installation and potentially very 
load combinations are capable of vertical 

lw cost based on length. (nvhle 

Based on this rationale, propulsion groups 8 through l4 (* 

3_XI) were synthesized for monopropellsnt and bipropellent systems as follows: 

(a) Small Solid/Medium Liquid 

• Group 12 - Star 37 /bipropellent 

("b) large Solid/Small Liquid 

• Group 8 - Star 48/bipropellant 

« Group 9 - Star 48 /monopropellant 

• Group 10 - Star 48 or MMIIl/modular bipropellant 

. Group 11 - Star 48 or MMIIl/Modular monopropellant 

(c) Liquid 

• Group 13 ~ Modular Bipropellant 

• Group l4 - Modular Monopropellant 

System details and synthesis rations for these systems sxe described in 

Tables 3 XI ^ exmfle , of Li qnid Propulsion System Synthesis for capture 

of all reference missions for Group #10 is shown in Figure 3.4. An ergh 
propeliant , eight pressurant tankage configuration sized for .fission “ 
single AK/PK thruster and single maneuver and nutation control thruster 
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TABLE 3-XII SOLID/LIQUID & LIQUID BIPROPELLANT PROPULSION SYSTEM SYNTHESIS RATIONALE 


PROPULSION GROUP 

REFERENCE MISSION/CONFIGURATION 

SYNTHESIS RATIONALE 

Spixaning Star 48/ 
Liquid Biprop & 
Liquid 
Biprop Alone 

Group #8 

B&E — Spinning Star 48/4-Tank 
Biprop 

• Sized for mission B 

• Spinning Star 48 - offloaded and shortened 
(size and costs) 

• 4 propellant tanks for B&E (to limit mission A 
configuration to 8-tanks with no solid) 

• Conosphere propellant tanks (minimum length) 

• Two AK thrusters (minimum length with solid) 


A - 8-Tank Biprop 

• Configured with maximum number of liquid tanks 
of mission B size (complexity & handling) 

• One AK/PK thruster (cost) 


C & D - 4-Tank Biprop 

• 4 propellant tank mission B liquid alone with 
offload meets C&D requirements 

• One AK/PK thruster (cost) 

Star 37/Liquid 
Biprop & Liquid 
Biprop Alone 

Group #12 

B - Star 3 7/ 8 -Tank Biprop 

. 

• Sized for mission B 

• Liquid alone provides mission A energy require- 
ment 

• Conosphere propellant tanks (minimum length) 

• Two AK thrusters (minimum length with solid) 


E - Star 3 7/ 4-Tank Biprop 

• Lower energy mission requires only 4 tanks of 
mission B size 

• Two AK thrusters (minimum length with solid) 


A - 6-Tank Biprop 

• 6 propellant tanks mission B liquid alone with 
offload meets mission A requirements 

• One AK/PK thruster (cost) 


C & D - 4-Tank Biprop 

• 4 propellant tanks mission E liquid alone with 
offload meets missions C&D reqoiirements 

• One AK/PK thruster (cost) 




TABLE 3 -XII SOLID/LIQUID & LIQUID BXPROPELLANT PROPULSION SYSTEM SYNTHESIS RATIONALE (CONT'D) 


PROPULSION GROUP 

REFERENCE MISSION/CONFIGURATION 

SYNTHESIS RATIONALE 

Liquid Bipropellant 
Modular 

Gx'cup #3 3 

B & E - 8-Tank Bipropellant 
A,C & D - 4-Tank Bipropellant 

• Sized for mission B 

• 8 propellant tanks maximum (complexity and 
handling) 

• Spherical - minimum weight and conospherical - 
minimum length 

• One AK/PK thruster (cost) 

• Propellant offload for mission E 

• Lower energy mission requires only 4 tanks of 
mission B size with offload 

• 4 tanks minimize "ballast relative to 2 tanks 

• One AK/PK thruster (cost) 

Spinning MMIII/ 
Modular Liquid 
Bipropellant 

Group #10 

F - Spinning MMIII/8-Tank Biprop 

e Group 13 liquid hiprop with Spinning MMIII 
meets mission F energy requirement 



TABLE 3-XIII SOLID/LIQUID & LIQUID MONOPROPELLANT PROPULSION SYSTEM SYNTHESIS RATIONALE 


PROPULSION GROUP 

REFERENCE MISSION/ CONFIGURATION 

SYNTHESIS RATIONALE 

Spinning Star 48/ 
Liquid Monoprop 
Liquid Monoprop 
Alone - 

Group #9 

B - Spin Star 48/4-Tank Monoprop 

• Sized for mission B 

• Spinning Star 48 offloaded & shortened (size 
and costs) 

• 4 propellant tanks for B (to limit A config to 
8 tanks with no solid) 

• Conosphere propellant tanks (minimum length) 

• 4 AK thrusters (min. length and combined RCS) 


E - Spin Star 48/2-Tank Monoprop 

• Lower energy mission requires only 2 tanks of 
mission B size 

• 4 AK thrusters (min length, combined RCS) 


A - 8-Tank Monoprop 

• Configured with max. no. liquid tanks of B size 
(complexity) 


C - 4-Tank Monoprop 

• 4-Tank mission B liquid alone with offloaded 
provides mission C requirements 


D - 3-Tank Monoprop 

• Lower energy mission requires only 3 tanks of 
B size 

Liquid Monopro- 
pellant 
Modular 

Group #l4 

B - 8-Tank Monopropellant 

• Sized for mission B 

• 8 propellant tanks maximum (complexity and 
handling) 

• Spherical - min. weight and conospkerical - 
min. length 

» 4 AK/PK thrusters (min. length, combined RCS) 


A - 4 -Tank Monopropellant 

• Lower energy mission requires only 4 tanks of 
mission B size with offload 


C & D - 2-Tank Monopropellant 

• 2 tanks of mission B size with offload provides 
missions C and D requirements 








TOTU.T? 3-XIIX SOLID/LIQUID & LIQUID MONOPROPELLANT PROPULSION SYSTEM SYNTHESIS RATIONALE (CONT'S}. 


PROPULSION GROUP REFERENCE MISSION/CONFIGURATION 


Reaction Control B - 1 Thruster 
System 


SYNTHESIS RATIONALE 


Maneuver and nutation control with favorable 
inertia ratios 


C,DjE,F - 2 Thrusters 


• Maneuver and nutation control with unfavorable 
inertia ratios 

• Maneuver, stab and control for 3-acd.s payloads 

• Biprop stage - common tankage 

• Moaoprop stage - common tankage 

• Solid Stage - separate reaction control system 


A - h Thrusters 



REFERENCE MISSIONS A, C & D 


REFERENCE MISSIONS B & E 


REFERENCE MISSION F 


MISSION A 
4-RC 

THRUSTERS , 


“PROPELLANT 
TANK SIZED 
FOR MISSION B 




‘PRESSURANT 
TANK SIZED 
FOR MISSION B 


r'T"'i 


! : ! 

|j SPINNING j 

! MM III ;! 


Wi 


^7 


vt— i V* — 


MISSIONS C&D 
2-MANEUVER 
& NUTATION 
CONTRCL I 

THRUSTERS 1 

£ 4 TANK SYSTEM 


SINGLE AK/PK 
THRUSTER 


MISSION B 

1- MANEUVER 
& NUTATION • 
CONTROL 
THRUSTER 

MISSION E — 

2- THRUSTERS 


O 2 FUEL & 2 OXIDIZER 
o OFFLOAD FOR MISSIONS 
A, C, & D 

o 4 PROPELLANT TANK BALLAST 
REQUIREMENTS LESS THAN 
2 TANK 


8 TANK SYSTEM 
o CONSIDERED MAXIMUM 
NO. OF TANKS 

o FULL LOAD FOR MISSION B 
O OFFLOAD FOR MISSION E 


8 TANK SYSTEM 
o WITH SPINNING MM 
3RD STAGE FOR PK 
o FULL LOAD 


FIGURE 3.4 TYPICAL LIQUID PROPULSION SYSTEM SYNTHESIS 
MODULAR BIPROPELLANT 







depicted in the middle sketch. To capture Mission E, no changes are made 
other than offload of propellant and addition of one maneuver/nutation con- 
trol thruster. As shown in the left sketch, to capture Missions C and D, 
changes made to the E Mission configuration include removal of four propellant 
and pres sur ant tanks and further offload of propellant. The Mission A 
configuration requires no changes to the Mission C&D configuration except for 
location of four thrusters into a three-axis arrangement and increased pro- 
pellant load for the four propellant tanks (left sketch). For Mission F 
(right sketch), the Spinning MMIII stage is added to the Mission E configura- 
tion and a full propellant load is incorporated. Characteristics of the 
propulsion system hardware common to all configurations and accompanying 
rationale are: 

(a) Conosphere propellant tanks 

• Short package length 

(b) Common sise fuel and oxidizer tanks for each mission 

• One propellant tank size reduces cost 

(c) single size pressurant tank, one for each propellant tank 

• One size reduces cost 

(d) Reaction control tankage common with main tankage 

• Minimum cost 

(e) Single t hr uster/cenf i gur at. ion 

• One thruster for ell configurations reduces cost 

(f) Single RCS thruster size with quantity ana location 
depending on payload/stage mass properties 

• One size reduces cost 

(g) Structure modular for all configurations 

One sise reduces cost 


3. 1.2, 4 Candidate Liqu id Approach Sizing - Velocity requirements, non 

propulsion subsystem weight data, structural parametric weight relations, and 
parametric propulsion system weight arid performance characteristics were used 
to determine weights, size and other stage characteristics for synthesized 
propulsion systems. Typical bipropeiicnt main propulsion system parametric 
weight as a function of useable propellant weight of an 8 tank bipropellant 
and 8 tank pressuront tank system wits a single main thruster is: 



W psa} = 168 + 1.20 W pu (AV) 

where: W pST = Total Main Propulsion System Weight, Tbs 

W pu - Useable Propellant Weight for AV, lbs 

Similarly, for an 8 tank monopropellant and 8 tank pressurant tank system 
with It thrusters for velocity change and maneuver /nut at ion control propulsion 
system weight is: 

W psT « 171+1.30 W pu (AV) 

3. 1.2. 5 Candidate Solid Approach Sizing 

Tandem Solid *• With the candidate motors of Table 3-XIVj 
initial stage inert weight estimates of 145 kg (320 lb m ) for the ?K motor and 
113.lt kg (250 Tb m ) for the AK motor approaches were deve3.oped and evaluated 
for design and off design mission capture. Selection criteria were as follows: 

» AV - The AVp and AV 2 requirements of the mission must 
be met by the PKM and AKM respectively. 

• PK/AK AV Split - The ratio of AV X to AV 2 should per- 
mit efficient energy management. Ideally the excess 
during each burn should be approximately equal. 

• Velocity Ratio - The ratio of delivered velocity to 
required velocity indicates the amount of energy 
management required. As a target a velocity ratio 
less than 4 was desired. 

• System Length and Weight - Short motor length and 
light weight were desired for efficient Shuttle inte- 
gration. 

The matrix of motor combinations shown in figure 3.5 was reduced through 
screening to meet performance requirements to the most promising motor com- 
binations illustrated in Table 3-XV. 

Pintle Nozzle - Propulsion vendor data, modified appropriately 
for LES motor design requirements , formed the basis for the pintle nozzle 
design. These data are shown in Table 3-XVI. The Vought estimate differs 
primarily from Aerojet 1972 data in the duration of the action time. The 
100 seconds of bum time is believed to be within the current state-of-the-art, 
particularly in view of the advances in current carbon-carbon technology . 
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TABLE 3-XIV CANDIDATE SOLID PROPELLANT MOTORS 


MOTOR 

TOTAL IMPULSE 
n=sec (lbf-sec) ' 

SPECIFIC IMPULSE 
m/sec (sec) 

INITIAL 
WEIGHT 
kg (lbm) 

USA 

EXPANSION 

RATIO 

LENGTH 
cm (in. ) 

M/M 3rd 

9,256,000 (2,081,000) 

2763 (281.7) 

3564 (7857) 

213 (470) 


235 (92.5) 

M/M 3rd (S) 

8,766,000 (1,970,667) 

2616 (266.8) 

3551 (7828) 

200 (44i) 


193 (76) 

Star 48 

4,608,000 (1,036,016) 

2864 (292) 

1694 (3734) 

84 (186) 

62.5 

190 (75) 

Stan 48 (s) 

4,516,000 (1,015,300) 

2807 (286.2) 

1694 (3734) 

84 (186) 

30 

154 (60.5) 

Star 37E 

2,911,000 ( 654,400) 

2783 (283.8) 

1122 (2473) 

76 (167) 

30.9 

168 (66.3) 

Star 37F 

2,385,000 ( 536,100) 

2803 (285. S) 

913 (2013) 

62 (137) 

41.4 

151 (59.4) 

Star 37F (S) 

2,365,000 ( 531,567) 

2779 (283.4) 

912 (2010) 

61 (134) 

30 

139 (54.8) 

Star 17A 

318,500 ( 71,600) 

2809 (286.4) 

125 ( 275) 

11.1 (24.4) 

57.9 

98 (38.6) 

Star 1TA (S) 

310,800 { 69,880) 

2741 (279.5) 

125 ( 275) 

ll.l (24.4) 

30 

83 (32.6) 

Star 2 6 

634,800 ( 142,700) 

2662 (271.5) 

26l ( 576) 

31.5 (69.5) 


84 (33.04) 

SVM 5 

793,800 ( 178,450) 

2731 (278.5) 

318 ( 701) 

27.7 (61.1) 

26.8 

90 (35.53) 

Star 37S (S) 

1,840,000 ( 413,540) 

2776 (283.1) 

709 (1563) 

46 (102) 

20 

108 (43.5) 

Star 37S 

1,870,000 ( 420,430) 

2821 (287.7) 

711 (1567) 

48 (105) 

57-9 

136 (53.7) 

Star 17 

197,900 ( 44,500) 

2807 (286.2) 

79 ( 174) 

8.5 (183) 

6O.7 

69 (27) 

SVM 2 

386,500 ( 86,900) 

2754 (280.8) 

159 (350) 

18.5 (40.8) 

28 

89 (35.0) 

SVM 4 

1,825,000 ( 410,280) 

2805 (286.0) 

706 (1557) 

56 (123) 

4o 

153 (60.3) 

SVM 4 (S) 

1,812,000 ( 407, 4oo) 

2785 (284) 

706 (1557) 

56 (123) 

30 

137 (54.0) 

SVM 7 

1,177,600 ( 264,740) 

2861 (291.7) 

44o (970) 

28.4 (62.6) 

53.25 

i44 (56.9) 

SVM 7 (S) 

1,163,500 ( 261,563) 

2826 (288.2) 

44o (970) 

28.4 (62.6) 

30 

115 (45.3) 

W 5 

735,300 ( 165,300) 

2788 (284.0) 

293 (645) 

28.5 (62.9) 

60 

112 (44.0) 


• Motors marked (S) have "been shortened hy reducing the expansion ratio to 30:1. 

• Except for the M/M 3rd (for which vendor Isp data is available), performance for these 
shortened motors is an in-house evaluation based on the following assumptions : 

(a) Cp changes from the value for the existing expansion 
ratio to the value for 30:1. 

(b) The effective nozzle half angle does not change. 

c Where vendor weight data was not available, it was assumed that the motor weight did not change. 
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Figure 3.5 tandem solid stage synthesis 





















TABLE 3-XV SUMMARY OF SOLID PROPULS1 N APPROACHES 



MOTOR 


Star 48/Star 37F (short) 


Star 48/Star 3JS 
(short) (short) 


Star 48/Star 26 (short) 


Star 37F/Star 37S 
(short) (short) 


Star 26/Star 26 


Star 17A/Star 17 
(short) 



264. T 

(104.2) 


237-5 
( 93.5) 


249.7 
( 98.3) 


WEIGHT 


KG (LBM) 


2865 

(6317) 



2214 

(4880) 


1882 

(4150) 


78l 
(l-l 22) 



aV RATIOS FOR REFERENCE MISSIONS 


3.58 1.57 7.60* 6.01* 1.70 1.00 


4.63* 1.46 7.18* 5.77* 1.63 No 3 


No® 1.23 No® 5.01 1.42 No x 


.125 1.05 5-55* 4.76* 1.37 No x 


1.01 No x 2.23 2.4l No x 


No x No x 1.0 1.20 No x 









Exceeds 4.0 velocity ratio requirement 
@ Poor AV split 
X In adequate AV 































































TABLE 3-XVI PINTLE NOZZLE AND LIQUID QUENCH KOTOS CHARACTERISTICS 


-3 

co 


PINTLE NOZZLE 
Thrust 

Total Impulse 

Impulse Uncertainty 
Pintle Hardware Weight 
Hydraulic Hardware Weight 
Hydraulic Fluid Weight 
Exit Cone. Weight 
Duration (at max thrust) 

Expansion Ratio 

Nozzle length (motor flange to exit cone 
Nozzle Submerged Length 

LIQUID QUENCH HERCULES 


AEROJET 1972 PROPOSAL 

44,480 n (10,000 lb f ) 
1*112 x 1CP n— sec 
(250,000 lh-sec) 

+. 89 n-sec (+, 20 lb-sec) 

11.4 kg (25.2 lbm) 

4.0 kg (8-9 lbm) 

2.4 kg (5.2 lbm) 

8.3 kg (18.3 lbm) 

26 seconds 
30.74 

aft face ) 52 . 3 cm ( 20 . 6 in . ) 

13 cm (5 in. ) (approx. ) 


Propellant 

Case and Insulation 

Nozzle 

Igniters 

Quench Hardware 

Quench Fluid 

Miscellaneous 

Inert Weight 

Total Weight 

Case Length 

Nozzle Length 

Total Length 

Isp 

Stage Weight 
Case Diameter 
Expansion Ratio 


1451 kg (3200 lbs) 

65.3 kg (l44 lbs) 

23.1 kg ( 51 lbs) 

5-4 kg ( 12 lbs) 

20 kg 44 lbs) 

13*5 kg ( 30 lbs) 

23.1 kg { 51 lbs) 

137 kg (302 lbs) + 13.6 kg (30 lbs) quench fluid 
1602 kg (3532 lbs) 

95 cm (37-5 in.) 

4o„4 cm (15.9 in.) 

135*8 cm (53.4 in.) 

2746 m/sec (280 sec) 

140.6 kg (310 lbs) 

132.1 cm (52 in.) 

30:1 


VOUGHT ESTIMATE 
44,480 n (10,000 lb f ) 

4*45 x 10° n-sec 
(1,000,000 lb-sec) 

2_ 178 n-sec (+ 40 lb-sec) 
22.7 kg (50 lbm) 

6.4 kg (14 lbm) 

2.4 kg (5.2 lbm) 

11.3 kg (25 lbm) 

100 seconds 

30.0 

52.3 cm (20.6 in.) 

13 cm (5 in.) 



r;:r/ sbM : a ° n =»- a = t8ristICS for a current 5W _ 

represent a lev 6 " 1 ! ” Mission B. An Isp of 271 sec . vas assurK(1 t0 

thl h, " “ Pr ° Peli “ t “P“M= Of extinguishment at any point in 

the hum. The resulting motor weighed 1633 w * P n 

(3300 IDs.) of propellant h • 3 6 COntained ^97 kg 

(58 □ m ) i I a dlameter of 132 cm ( 5 2 inches) and vas 1 5 0 cm 

il lr ”° t0r ^ ° aPable ° f ■“ -1™ (except „ 

L th ShuttT ' H °' reTer ’ *""" 01 **— - -tart length 

n the Shuttle hay, at could he desirable to develop a scalier motor con- 
taining only 590 kg (1300 lbs) of propellant using the 

development costs The „«.* ° P£ll!mt usl "« «« ^ hosule to minimise 
p nt costs. The resulting motor -could have a diameter of 94.0 cm 

in.), be 131 cm (51.6 inch) long and weigh 702 kg (1547 ib s ) Tt „ 

be used on Missions A, 0 and D. *S l 1547 lbs.). It could 

Uaaid^uenoh - The liquid quench design, she™ in Table 
3-m, was provided by Hereules. This design is capable of being inched 

. " PerC ™ t ° f thS Pr ° Pell£x - t is eonsumed. It does not include suffi- 
ent energy for reference mission P, but would handle missions > and . 

ref rence^mT-^T^' * VOUM ’ ^ re ^ * for 

could be made interchangeable, a smaller quench motor would have limited 
direct commonality with the larger version. 

selecting a h £ga ffintlmal ^tere^ golid - This approach consists of 

dtytr th I 3 " ! UllainE " hiCh VU1 tta required velo- 

motL Add-t ener£>r " iS ° i ° nS <C E) Vi ‘ h ” iPi ™ “tabar of 
tors. Additional motors are then added as required to meet higher energv 

™ S ;“ a “ ^ ° f «. *-» as four, two for AK bum 

are th „ ‘ Thti "° t0P Sele0ted vas tha Star IT* Tabulated below 

live ed IT: ^ Star 1T m0t ° rS re ^ red ’ t0tal ~*** de- 





Number Star 17 

A 

B 

7 

22 

AV m/sec 

131,6 

1025-3 

AV (ft/sec) 

(432) 

(3364) 

AV Delivered/ 

1.10 

1.025 

AV Required 


These 


missions 


C 

5 

567.5 

( 1862 ) 

1.42 


D 

5 

1343.9 

(41*09) 

1.5 


T 


E 


22 

3307.4 

( 10851 ) 

1.0 
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calculated velocities are based on a non-propuls ive weight of 340 leg (750 lbs). 
This may be highly optimistic for a 22 motor cluster. A heavier non-propulsive 
weight would have little impact on the B mission (because of the heavy payload) 
but would be critical for the E mission. Because of the relatively poor mass 
fraction inherent in the cluster approach mission F requirements cannot be set. 

Flatpack Clustered Solid - Using constraints and allowances 
established in prior Vought studies, the following flatpack motor character- 
istics for reference mission B were derived: 

Number of Motors - 6 

Grain Length - 163.8 cm (64.5 in.) 

Propellant Weight - 274 kg (6o4 lbs.) per motor 
Inert Weight - 91 hg (201 lbs.) per motor 

Motor Weight - 365 kg (80 5 lbs.) 

' Case Diameter - 36.8 c*”- (l4.5 in.) 

Due to poor motor mass fraction and high stage inerts, this concept is not 
capable of meeting reference mission E or F performance requirements . For 
mission A the same case diameter and nozzle are used but the grain and case 
length are reduced as required. 

Number of Motors - 6 

Grain Length - 45.7 cm (18 in.) 

Propellant Weight - j6 kg (l 68 lbs.) per motor 

Inert Weight - 33 kg (72 lb's7) _ per motor 

Motor Weight - 109 kg (240 lbs.) 

When operated as a four motor cluster, the motor sized for mission A produces 
velocity ratios of 1.42 and 1.36 for missions C and D respectively. Thus, 
with only two sizes of motors, missions A, B, G, and D could be achieved with 
a flat pack approach. Alternately, the grains for missions C and D could be 
cut to size and the missions achieved without energy management. 

3. 1.2 . 6 Approach Characteristics - Existing propulsion approaches, 

adaptations of existing approaches, and new approaches were developed and/or 
evaluated for each of the reference missions. The approaches for Reference 
Mission E are shown in Table 3-XVXI. Applicability of these approaches to 
the other reference missions was also determined and can he found in Volume 
V, Appendix B. 
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TABLE 3-XVH PROPULSION APPROACHES FOR 
REFERENCE MISSION B 


LAu.NCH APPROACH 
EXISTING APPROACHES 


TROPULSION 

APPKOA.CH 

LIQUID 


OTHER 

DESCRIPTION KISS IONS CONFG 

ROOSTER STAGE j LELxVEPA' STAC-E CAPTURED NUMBER 


’ NONE 


TRS-4 TANK EXPENDED NONE 


EXISTING SOLID/SOLID-TANDEM SPINNING STAR 48 

ROACKE ‘- SPINNING STAR 4 8 

SHORT NOZZLE 
SPINNING STAR 48 

__ SHORT NOZZLE 

SPINNING STAR 48 

SOLID/LIQUID SHORT NOZZLE-10% 

OFF— LOAD SPINNING 
STAR 48 

SHORT NOZZLE-10% 
OFF-LOAD SPINNING 
STAR 48 


STAR 26 
STAR 37F 

STAR 37-S 

SHORT NOZZLE 
STAR 37-F 


A, C/D ,E 
E,F 

A / C / D / E 
E,F 


4 TANK BIPROP E 

4 TANK MONOPROP NONE 




A summary of the physical characteristics and the performance 
capabilities was prepared for each of the 52 configurations considered. An 
example of this propulsion approach summary is shown in Figure 3.6 for 
Reference Mission B (see Volume V, Appendix B, for other candidate propulsion 
approach summaries). This summary provides a description of the system com- 
ponents together with a definition of the approach used for each subsystem 
and the basis by which its weight was established. The basis included vendor 
inputs, weight data on existing or planned subsystems, and Vought experience 
on similar hardware used in Scout, SCOOP, and SDP, as well as in-house studies 
such as Small Auxiliary Stages. These data were collected and organized in 
accordance with a LES work breakdown structure defined in Volume V, Appendix A. 
Structural arrangements were laid out for each propulsion approae*' to provide 
interconnecting load paths between all components, ASE and the payir :.d. 
Interface structure and separation provisions were provided betweer stage 
and the ASE, the payload and the stage, and between stages where x’i „• ired. 

The equipment was arranged in a manner to balance the stage for spin stabi- 
lization application and to minimize stage length. Figure 3.6 shows an 
example of the structural and component arrangement for a liquid propulsion 
approach. In this case, the structure Is a combination truss and sandwich 
construction. The components are mounted to an aluminum sandwich plate 
which, in turn, is attached to a truss work of aluminum tuhing that supports 
the fuel tanks at each end and provides the interfacing structure with the 
ASE. A weight summary and performance capabilities in terms of payload 
weight and velocity increments available relative to each of the Reference 
Mission requirements are also shown. 

3.1.2. T Subsystem Components - For costing purposes, subsystem com- 

ponent lists and schematics were developed. As examples, Table 3-XVIII 
illustrates the main propulsion system components list for propulsion group 
number 10 and Figure 3.7 presents schematic for a bipropellant main propul- 
sion system. 

3.1.3 Adaptations of Existing/Planned Approaches 

The Spinning Star 48 (SSUS-D) and the Spinning Minuteman III 
(SSUS-A) were selected as adaptations for Task 2. Because stage descriptions 
and characteristics were not available from the stage supplier, these stages 
were baselined as defined in Reference 54. Motor performance, however, was 
undated through motor supplier inputs. Tables 3-XIX and 3-XX define Spinning 
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ITEM COMPONENTS 


ITEM 


DELIVERY STAGE 

0221 INTEGRATION a ASSEMBLY 

0222 STRUCTURE 

0223 THERMAL 

0224 MAIN PROPULSION 


‘0225 REACTION CONTROL SYSTEM 

0225 DATA MANAGEMENT/COMM. 

0227 GUIDANCEa CONTROL 

0228 ELECTRICAL POWER 


CONFIGURATION 


APPROACH/BASIS 


WEIGHT. 

KG (LB,. 


CONTINGENCY 


BOOSTER STAGE 

0201 INTEGRATION & ASSEMBLY 

0212 STRUCTURE 

0213 THERMAL 

0214 MAIN PROPULSION 

0215 REACTION CONTROL SYSTEM 

0216 GUIDANCE 6 CONTROL 

0217 ELECTRICAL POWER 
CONTINGENCY 


SEPARATION CLAMP/SCOUT 
SEMIMONOCOQllE TRUSS, 'SAS TYPE 
SPINNING STAR 48 TYPE 

BIPROPELLANT — 8 SPHERICAL PROPELLANT 
TANKS a a SPHERICAL PRESSURANT TANKS 
ONE R-40A THRUSTER-’SAS TYPE 

J BIPROPELLANT NUTATION a MANEUVER 
’ CONTROL/SCOOP a SAS TYPE 
S-BAND TRANSMITTER & ANTENNA 15COUT 
ROLL STAB! LI2ED PLATFORM/SOFT a DOT 
REMOTELY ACTIVATED SILVER-RING 
BATTERY fi CONVENTIONAL CABUNGTSCQUT 


NONE 

NONE 

NONE 

NONE 

NONE 

NONE 

NONE 

NONE 


7.71 

117) 

33.01 

(86) 

2.27 

(5) 

189SL69 

(4165.9) 

5.30 

(131 

1.5 

(3.3) 

2320 

(62.31 

25.85 

157) 

4.76 

110.5) 


\% 



FIGURE 3.G PROPULSION APPROACH SUMMARY FOR CONFIGURATION NO. 
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WEIGHT SUMMARY 


DELIVERY STAGE 
WEIGHT INERT 
WEIGHT PROPELLANT 
TOTAL 

BOOSTER STAGE 
WEIGHT INERT 
WEIGHT PROPELLANT 
TOTAL 

STAGE WEIGHT 


KG 

49532 

1513.63 

2013.95 


0 

0 

0 

2013.95 


(1092) 

(334B) 

(4490) 


I 


I 


03 

•P" 


TABLE 3 XVlIi. 
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OVERBOARD VENT 
THRUST NEUTRALIZER 


OVERBOARD VENT 
SQUIB VALVE 


PRESSURANT 
FILL St VENT 


TEST 

POINTS 


OXIDIZER FILTER 
(TYP. 4 PLACES) 


OXIDIZER 
TANK ITYP. 
4 PLACES) 


OXIDIZER FILL 
VENT St CLEAN i 
(TYP. 8 PLACES) 


PRESSURANT 

TANKS 

PRESSURE TRANSDUCER 

(typ:> 


THERMISTER 
FUELTANK 
(TYP. 4 PLACES) 


FUEL FILTER 
(TYP. 4 PLACES) 

FUEL FILL, VENT 
& CLEAN (TYP. 8 PLACES] 



TANK SQUIB VALVES 
(TYP. 8 PLACES) 


THRUSTER 


FIGURE 3.7 TYPICAL BIPROPELLANT MAIN PROPULSION AND REACTION CONTROL SYSTEM 





TABLE 3-XIX 


SPINNING STAR 48 STAGE CHARACTERISTICS (SSUS-D) 




MOTuP (FULL LOAD PROPELLANT) 


Total Impulse, N-sec (ibp-sec) 

4,608,128 (1,036,000) 

Initial Weight, kg (ll^) 

1693.7 

(3,734) 

Burnout Weight, kg (lb m ) 

84.4 

VO 

CO 

H 

Effective Specific Impulse, m / sec (lbf-sec/lb^) 

2863.5 

( 292) 

Total Motor Length, cm (in.) 

190.5 

( 75) 


STAGE WEIGHTS, kg (lb m ) (10* MOTOR OFFLOADED AND SHORT NOZZLE) 


Weight at Ignition 


Motor Initial Weight 


1533.6 (3381) 

Burnout Weight 

84.4 ( 186) 


Consumed Weight 

1449.2 (3195) 


Separation Clamp 


7.3 ( 16) 

Structure 


79-4 ( 175 ) 

Power 


13.6 ( 30) 

Active Nutation Control 

15.9 ( 35) 

Thermal 


2.3 ( 5) 

Destabilization and Spin Balance 

9.1 ( 20) 

Contingency 


17.7 ( 39) 


Motor Length, cm (in.) 


1678.8 (3701) 


153.7 
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TABLE 3 -XX 

gABACTgSSIXCS ( oono 


MOTOR 

Total Impulse, N-sec (ibp-sec) 

Initial Weight, kg (ib m ) 

Burnout Weight, kg (lh m ) 

Eirectiv, Specific Impose, m/sec (Itp-sec/lb,,) 
Total Motor Length, cm (in.) 

stagejkeight, kg (Ib m ) - ~ 


9,256,300 (2,081,000) 

3564.1 

(7,857.3) 

213.2 

(470.1) 

2762.5 

(281.7) 

235.0 

( 92.5) 


Weight at Ignition 


Motor Initial Weight 
Burnout Weight 213.2 (470,1) 
Consumed Weight 3350.8 (7387.2) 
Separation Clump 
Structure 
Power 

Active Mutation Control 
Thermal 

Destabilization and Spin Balance 
Contingency 


3564.1 (7857.3) 


9.1 ( 20) 
124.3 (274) 
13.6 ( 30) 
15.9 ( 35) 


2.3 ( 5) 


9.1 

13.6 


( 20 ) 

( 30) 


3751.9 (8271.3) 


Star 48 and Spinning Mimrceman III stage characteristics using this rationale. 
The Spinning Star 48 motor was offloaded 10 percent and the nozzle length was 
reduced about 36 cm (l4.5 in.) to provide vertical installation capability. 
These two stages were considered as perigee burn stages in conjunction with 
solid and both bipropellant and monopropellant liquid upper stages to develop 
the adaptations of existing approaches considered. 

3.2 SCREENING METHODOLOGY 

The screening in Task 2 was limited to new and adaptation con- 
cepts with final screening (comparing new and existing) being performed in 
Task 6 (Volume IV). The concept screening sequence was as follows: 

(1) Deri ve the costs of the candidate new and adapta- 
tions launch approaches. 

(2) Perform a preliminary screening of the candidate new 
launch approaches against the launch cost envelope 
and eliminate those that indicate user costs signi- 
ficantly higher than the existing/planned approaches. 

(3) Stack the remaining launch approaches in increasing 
order of cost for each reference mission. 

(4) Finally screen these remaining launch approaches by 
comparing different launch approach combinations for 
the combined reference missions to find several com- 
bination of approaches to launch all reference mis- 
sions at low cost. 

(5) From the final screening, select three or four new 
or adaptations to existing/planned launch approaches 
that will continue into subsequent tasks. 

3.2.1 User Oor ts 

Vehicle recurring costs were combined with the Shuttle user 
charge for both stage and payload to make up the total user cost for the 
screening sequence. For each new candidate approach selected in screening 
sequence ( 3 ), LES vehicle costs were collected against the work breakdown 
structure (WBS) defined in Volume V, Appendix A for (l) project management and 
systems engineering and integration to level 4; (2) the LES vehicle to level 5; 
and (3) Shuttle user charge to level 3 for stage and ASE, For adaptations to 
existing/planned approaches, the WBS level of cost collection was the same 
as for a new approach except that for LES vehicle costs the level and scope 
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to aaae - °“ t8 *• - * .»*-«« 

at« of 10 units per year for screening sequences (1) through ( 3 ). For the 

, rrr r n :: ^ thepr °“ — ~ — »-=~io n 

dependent and the costs adjusted accordingly. Development coats for the LIS 

z “ for the wh c ~ ~~ - «- — 

IT. C The ShUttle USer ° h “' 6e was demined aa shown in Table 3-XXI 

::;r a r payioaa are “ a in the ° ost ■*« *«■ 

IT installations with payload diameter less than stage die- 
meter the total charge ir based on the greatest ipmrHi -r *.u , 

combination. leneth ° f tha Payload/stage 

3.2.2 P reliminary Screening 

A preliminary screening of the candidate launch approaches 
against tha launch cost anvalopes described in paragraph 2.4 was performed, 
hamch approaches ware selected for additional screening that reflected user 
=o.t not significantly above the lowest existing/planned approaches. 

3.2.3 Screening B y Reference Miss-inn 

Using "fclis foumart of Q?ab*if* +v 

oa. xaoj.e j-xxil, the user costs for each 

reference mission were stacked in order of increasing cost. The table shows 

for rr r nSlaemIOnS to le are essentially aqua! 

for competing launch approaches. 

3 ' 2,1 * Screening Mathndnl .g , f or Combinations of Auproaches 

. . . “ eth<jdolo a r deed to select three or four of the lowest cost 

combinations of propulsion approaches, to launch ell reference missions, is 

S own in Figure 3.8. A series of logical combinations that have potential 
or low cost were selected from the propulsion approach cost ranking by 
re erenoa mission, stage unit cost for each propulsion approach in each 
selected combination was adjusted for the quantities required. Unit costs 
were based on a twenty quantity buy every two years for an enrage usage of 
en per year. Tha usage in tha various combinations can vary depending upon 

The rl" f TT " iSSi ° nS daPt ' lred * ^ PartiOUlar PrOP “ l5i0n 
The adjusted unit cost for each stag, configuration was multiplied by tha 

TT f raylOEriS '° r e “ h St “ 2e “"figuration and summed. Tha Shuttle user 

was l Tit* “ P ‘ yl0i ' d) f ° r eaC!> Cmfi ^dtion and reference mission 
multiplied oy the number of payloads in each reference mission and summed. 

„„ „ „ T eT °° St “ ° f Sta6e « 4 ^ development and program maintanenoe 
ere added to the launch costs to provide tha total program cost for each com- 
bination of approaches. The stage development costs include subsystem 
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TABLE 3-XXI SHUTTLE USER CHARGE 


USER CHARGE- 


LOAD FACTOR 
0.75 


X 


SHUTTLE 

CHARGE 


LOAD FACTOR ISTHE GREATER VALUE, DETERMINED BY: 

-VEHICLE LENGTH v 60 FT., OR 

- LAUNCH WEIGHT - ALLOWABLE WEIGHT (FOUR ORBIT INCLINATIONS) 

PRICE OF DEDICATED STS FLIGHT TO CIVIL GOVERNMENT USERS - S18M IN FY 1975 S 

SHUTTLE CHARGE ADJUSTED TO MID FY 77 DOLLARS USING BUREAU OF LABOR STATISTICS 
mnzx FOR COMPENSATION PER HOUR, TOTAL PRIVATE. 

SHUTTLE CHARGE USED IN STUDY - S21.834 MILLION 

EXAMPLES: 

- LENGTH FACTOR: $485,000 PER FOOT FOR GOVERNMENT USERS 

- WEIGHT FACTOR : S488 PER POUND - ETR 28.5° LAUNCH 

S787 PER POUND -WTR POLAR LAUNCH 


'FABLE 3 -XXII 


UUMCH APPROACH AMD HBreBfflCE W SSI ™ 

• Urtut ’ «r? THRMAT 1 


— - reference 

launch APPROACH 

mission c 

USERS COST (MISSIONS) 

small liquid bipropellant 

3.1 

SPINNING STAR M WITH A SMALL 

5.7 

SOLID AKM 

J 


Qvr.nNDARl CONSIDER ATIONS. 


!. TERCEOT of reference mission captured 

2. RELATIVE ACCURACY COMPARISON 

3 . relative RISK COMPARISON 
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o OBJECTIVE : 
o APPROACH: 


Determine three or four of the lowest cost combinations 
of approaches that capture all reference missions 


VO 

ro 



FIGURE 3.8 SCREENING METHODOLOGY 











development, Integration and assembly, system engineering and integration 
and software. The ASE development costs in lude development and the procure- 
ment of three sets. The program maintenance costs include sustaining and 
operations costs necessary to conduct an on-going program. Not included in 
the unit or development costs are flight operations, ground support equipment, 
and facilities. These costs were not expected to be significantly different 
for different propulsion approaches and thus would not influence the screening 
and selection of the lower cost propulsion approaches. The "launch costs" 
and the "other costs" were summed to provide the total program cost for each 
combination of approaches. 

The combinations of approaches were ranked in order of increasing 
cost. Mission capture, accuracy and risk (elements of benefits evaluation of 
the l'.wer cost combinations) were evaluated and where costs were essentially 
equal the ranking was adjusted. Propulsion approaches for continuing detailed 
analysis were selected from the adjusted ranking. 

3.2.5 Benefits Evaluation 

In the screening process, if cost benefits were essentially 
equal between launch approaches, other considerations of mission capture, 
mission accuracy and risk were used as resolution criteria. These other 
benefits were rated on a 10 to 0 score (with 10 high) for ach reference mis- 
sion and summed to give a total benefit rating for equal cost launch approaches. 
Mission capture, mission accuracy, and risk were given equal weight in the 
total benefit rating since it is important that a low rating in any one of 
these be reflected in the total. Mission capture is a measure of the capa- 
bility of a launch approach to capture the low energy regime. Mission 
accuracy is a measure of how well a launch approach accomplishes each mission 
and reflects penalties relative to excessive energy management (yaw steering) 
and attendant delivery inaccuracy. Risk was defined as a measure of new 
technology and .new hardware development. A need for development testing of 
a new propellant was classified as new technology development. A need for 
the qualification of a new guidance system using existing technology was 
classified as new hardware development. A. low mission capture directly affects 
the benefit value of a launch approach us does the mission planning constraints 
and delivery inaccuracy associated with the wasting of large amounts of energy. 
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a launch approach vlth a high degree of rich associated with nan 

chnolog, and nep hardpare development directly affects the benefit value 
Of that approach. v • Lue 

>ti S2l2R Capture Benefit Batin r - The energy reouirements of 

^ 1177 reSl “ e “ br ° ad “ d " refleCtad ln •^«e„ce mis— 

ion pa.yload redurrements. For example, the energy for reference mission p 

times that of reference mission A. The greater the portion of the 

energy regime that can be captured by a single latcch approach the gre ter 

the potentra! for reducing the number of la^ch approaches. A capture 

development costs, unit costs, operational costs, logistics and 

improves reliability. Vhile the costs associated Pith most of thes! " ms 

dereT 1 I ‘ f""* *" <tf «“ ia ^ Caches being con- 

idered, the reduction in the number of launch approaches is of such impor- 

oc hat it deserves a separate rating. The mission capture benefit rating 

based on velocity change capability, is the percent of the reference mi s „ ' 
captured divided hy 10 . missions 

t 

Mission Capture Benefit Eating = % of Missions Captured f lo 

'll 5 : 2 . l0n SUBS - A high captura rating may 

retire inefficient performance from some launch approaches. For example 

anxed impulse solid/solid launch approach desired to capture highly 

then mSS1 ° a Planni " S StCh as yaw s ‘aering or ballasting 

" " . , aIPllCati “- »■““«■« *> -due. the amount of 

[ ' ® " 0t a d “ ira1 ’ 1 ' solution, as approximately 50 percent of the 

aunc es ara from TO phere Peight is predominant in the Shuttle user charge 

Z::::r u soiii ° r d —■ a ° — — 

la! „ ' ,nerSr ¥aStlIIfi/aissi ° a P la ”ni" E Peculiar to the fixed impulse 

approach reflects itself primarily in orbit destination error. Analysis ' 

a!!r r T le ? hat ° rMt aCCUraCy deeradeS f°r Pi*ed impulse launch 

approaches phen the ratio of pasted energy to the energy retired is 3.0. The 

oTpT!tTd ratine T tion 18 desiBned t0 prod ” <:e a ratins ° r 1 vhra «» »M. 

Pasted energy to energy retired is 3.0. Additionally each aceuracy de- 

Z h^ractcristic such as multi-motor thrust alignment is assumed to 
penalize the accuracy rating one point. 


Mission Accuracy 
Benefit Rating 


10-3 


AV 

•wasted. 

^ required 


Number of 
Accuracy 
Degrading 
Characteristics 


3.2.5. 3 m ay Benefit Rating - A primary objective of the study was to 

use'production hardware components that have demonstrated their performance 
in actual space flight. When this objective is met, there exists the need to 
combine existing production components in a different manner, to require in- 
creased or decreased size, to use a component in a different application, or 
to upgrade component performance. An example is the SOFT Program attitude 
control platform that was used in a spinning application to maintain attitude 
reference for attitude control after despin. This platform has potential 
for a spinning low energy stage, hut, its use would be as an attitude reference 
to change vehicle attitude while the vehicle is spinning. No modifications 
to the SOFT platform are required; however, its usage and interfacing com- 
ponents will be different. There is a degree of risk associated with this 
different usage application and it was accounted for in the risk benefit 
rating by the subtraction of points for each major subsystem that contains 

such changes that lead to hardware development testing. 

There are some candidate propulsion modes that involve new 
technology development. An example of this is the water quench controllable 
solid. A new propellent grain compatible with manned spacecraft operation 
(Class 2 propellant) would have to be proven. Neither the propellant sub- 
system or the rocket motor system have been proven in space flight. The risk 
associated with this new technology development was acconnted for in the risk 
benefit rating by subtracting one rating point for the unprovan subsystem 
(the propellant grain) and one point for the total system which « also un- 
proven. Using the water quench controllable solid as a sample case, the 
number of subsystems requiring development testing are: (l) propellant 
(technology development); (2) water quench (hardware development); (3) low 
1/D ease (hardware development); 00 guidance and control (hardware develop- 
ment); and (5) system performance (technology development). In thus sample 
case the risk benefit rating is 10 - 5 = 5. 
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(Number of New Number of New 1 

Risk Benefit Rating = 10 - ^Technologies + Hardware > 

^Development Development J 

3.3 COST OF CANDIDATE NEW APPROACHES 

In order to compare the array of propulsion approaches quickly 
with appropriate accuracy a mechanized cost evaluation methodology was used, 
with the necessary flexibility and attention to detail, to clearly reflect 
system differences. The costing methodology utilized a work breakdown struc- 
ture (WBS) developed quite early in the LES study to assure consistent 
definition of propulsion system approaches, together with a complete summari- 
zation of configuration design differences to the subsystem level. The basic 
cost information used in the costing exercise included internal (company 
historic) cost data, vendor quotations, and other published report data. 
Solicitation of vendor quotations was necessary to more accurately measure 
the unique differences of competing designs, and to check the accuracy of 
cost records used in the study. The costing methodology utilized a special 
checking feature, where input data could be evaluated relative to existing 
cost models by means of developed complexity factors. By use of this feature, 
the relevance of cost data could be checked before use and verified for 
accuracy and commonality of costing assumptions. 

3.3.I Cost Evaluation Methodology 

Costs were derived vising a computerized parametric cost modeling 
methodology. This technique, known as the RCA PRICE (Programmed Review of 
Information for Costing and Evaluation) system, provides reliable estimates 
of system acquisition costs (development and production) during the concep- 
tual phase of a system development program. Its use permits rapid and 
timely cost evaluations, based on variations in designs, performance schedules, 
reliability, economic escalations, etc. Since all estimates involve compara- 
tive evaluation of new requirements to analogous histories, irregardless of 
the estimating technique used, it is necessary to classify a new design in 
such parameters that it may be related to available basic data. The costing 
methodology utilizes configuration definitions which are primarily the 
physical characteristics of the design concept. These include size, weight, 
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type of componentry, component count, material type, power dissipation and 
construction type, as veil as prototype and production quantities. In 
addition the methodology is sensitive to design and production schedule, 
learning (progress) curve, integration characteristics, design and manukc- 
urmg complexity, design redundancy, the degree of new design required, 
and fabrication method. One mode of this cost estimation methodology produces 
a estimation of design, manufacturing and producibility complexity from 
physical, schedule and cost data. This mode vas used in the cost exercise 
where the design being costed was of a unique nature vita limited relation- 
ship to historical data. Vendor quotations were processed through this mode 
to establish credibility. Share complexity faotors appeared incohsist.nt 
with historical data the credibility of the costs were questioned. In such 
cases, further evaluation was required before adjusted ousts were used. The 
final step in the costing methodology was the review of subsystem costs by 
technical and cost specialists for consistency among similar subsystems oT 
different propulsion approaches. The costing sequence for a typical propul- 
sion approach is shown on Hgure 3.9. Subsystems are costed independently, 
then combined to develop delivery stage or booster cost, which are again 
combined to develop the cost of a propulsion approach. 

3*3.2 Costing Assumptions 

Because of the low level of LES usage, it was considered advis- 
able to establish special production guidelines which would fit this condition. 
Production was spread over a total 10-12 year period and the quantity of 
procured items vas set at the total number required for use during that period 
for mission requirements. A production cycle was established to produce a 
two-year usage quantity, then production vas assumed interrupted until the 
next production quantity was placed on order. Some learning takes place for 
any effort spread out over on extended time period. The effects of "learning" 
are well established in manufacturing industry. However, when a production 
run is interrupted, some of the "learning" and associated cost effectiveness 
IS lost. When production begins again, some trained personnel have left or 
have been reassigned, some tools are lost, etc., thus the learning curve 
applicable to the next production run is not simply a continuation of the 
learning curve of the prior run. The loss of "learning" ». ns that production 
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restarts at a point higher up on the learning curve. Figure 3.10 illustrates 
the interrupted production situation. To compensate for loss of "learning" 
for interrupted production schedules, the empirical data set for the second 
run must be adjusted. The longer the production interruption, the less 
residual learning remains until a final limit is reached. To determine the 
probable learning curve vhich vciula apply to the LES production program, a 
trade study vas conducted. A structural item vas selected for study since 
it vas considered to be highly labor intensive and subject to maximum learn- 
ing impact. For a typical production quantity of 103 structural units, pro- 
duced vithout regard to production need, the optimum learning curve vas 
determined to be 0.898 (89.8#), for a program length of nineteen (19) months. 
Production rate vas approximately 5*42 units per month. When production 
quantity vas cut to 20-21 items per run, for five independent production 
periods during the ten (10) year period, the rate of composite learning drops 
to approximately 0 *94l (94$). A selection of material intensive subsystem 
items shoved increase from the normal 92$ range to the 95$ learning regime, 
hence this value vas selected as most applicable to the LES system. All 
subsystems vere estimated for 103 item cumulative average quantity and five 
equivalent lots of production. For variances in total production quantity, 
the 95$ Wright slope vas assumed applicable. DDT&E costs vere developed for 
a modular family of vehicles of each type studied. For combinations of 
vehicles, requiring more than one type, the development cost vas integrated 
by consideration of the existing commonality hetveen differing types. All 
costs vere developed in 197T calendar year dollars. 

3.3.3 Cost Development - LES Vehicle 

Production costs vere developed for each configuration in the 
study. Several configurations of a similar type may he grouped to form a 
modular family. DDT&E costs vere developed to take advantage of the cost 
commonality that exists to a large extent betveen these vehicles. 

3. 3. 3.1 Production Costs - A summary of production costs for a 

Star 48/6 tank bipropellant solid/liquid tandem propulsion approach is shovn 
in Table 3-XXIII. Costs for 20 units per lot are detailed for each subsystem 
for both booster and delivery stages as defined by the vork breakdown structure. 
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TABLE 3-XXIII TYPICAL PRODUCTION COST SUMMARY 


THOUSANDS OF DOLLARS 
Solid/Liquid Tandem Propulsion Approach 
Star 37E/6 Tank Bipropellant 


ITEM 

Delivery Stacre 
WBS ETjEMFWT 

-20 Units 

Booster - 20 

Subtotal 

Integration & Assembly 

10-0220 

10-0221 

COST 

($22,439) 

1,114 

WBS ELEMENT 

10-0210 

10-0211 

Structure 

10-0222 

990 

10-0212 

Thermal 

Main Propulsion 

10-0223 

6 

10-0213 

10-0224 

11,173 

10-0214 

RCS 

10-0225 

1,145 

10-0215 

Data Mgt/Comm 

10-0226 

367 

10-0217 

GN& C 

10-0227 

7,264 

, , , , , 

Electrical Power 

10-0228 

380 

10-0218 

Integration & Assemblv - 

Subtotal 


Total Production - 20 Units 


10-0201 

10-0200 

10-0200 
OH ot nn 

Total Production Cost/VphiVi P 


User Charge Cost/Vehide 

and Payload 


(Reference Mission B Payload) 




COST 

($ 7,879 
223 
737 

6_ 

6,913 


($ 679 ) 

$30,997 
$ 1,549.9 
$17,620 



The costs are accumulated for each stage and finally for the complete pro- 
pulsion approach. Adjustments for quantity variation were made. 

3 ‘ 3 * 3 * 2 DDT&E Costs - A summary of development (DDT&E) costs for a 

modular liquid monopropellant propulsion approach is shown in Table 3-XXIV. 
Costs are shown for each subsystem as .defined by the work breakdown structure 
and are summed for the modular stage. The noted example requires no indepen- 
dent booster and the main propulsion thrusters are modulated for attitude 
control of the stage, thus requiring no separate reaction control subsystem. 

3*3.4 Cost Development - ASE 

Cost information used in the development of Airborne Support 
Equipment (ASE) costs included available costs on two spinning upper stages, 
the Inertial Upper Stage, and the Multimission Modular Spacecraft, as well 
as cost data developed in Vought internal studies. This cost data along with 
selected measurable descriptive data provided the necessary inputs for a 
complexity assessment utilizing the mechanized cost evaluation methodology. 

The resulting complexity factors, which define engineering, manufacturing and 
producibility complexity, were compared to published system tabular data and 

Vought cost data uo verify the validity, applicability and consistency of 
ASE costs . 

Based on these comparisons, specific complexity factors were 
established and along with ASE description data (such as weight, volume, quan- 
tity, and learning curve) used to compute both development and recurring . 
costs for ASE. The sequence of events is shown on Figure 3.11. The ASE costs 
include development and the procurement cost of three units - one for each 
launch site and one spare. 

3*3.5 Cost De velopment - Program Maintenance Costs 

The program maintenance costs shown in Table 3-XXV are the sus- 
taining and operations costs necessary to conduct an on-going program. These 
costs were estimated using the NASA Scout program cost experience as the base- 
line reference weighted with the LES/Scout comparative complexity. The sus- 
taining costs shown include NASA and contractor project management, reliability 
and training, sustaining engineering, and spares and logistics administration. 

The operations costs consist of both unit and annual costs. The 
unit operations costs shown are those that are unique to each LES/payload 
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TABLE 3-XXIV TYPICAL DDT&E COST SUMMARY 


THOUSANDS OF DOLLARS 
MODULAR LIQUID PROPULSION APPROACH 

WBS ELEMENT' ITEM DDT&E COST 


10-0220 

Delivery Stage - Subtotal 

($ 

16,311) 

10-0221 

Integration & Assembly - Del. Stage 


2,093 

10-0222 

Structure - Delivery Stage 



583 

10-0223 

Thermal - Delivery Stage 


83 

10-0224 

Main Propulsion - Delivery Stage 

t , 

6,128 

10-0225 

RCS - Delivery Stage 


— 

10-0226 

Data Mgt/Comm - Del. Stage 



181 

10-0227 

GN&C - Delivery Stage 


6,494 

10-0228 

Electrical Power - Del. Stage 


749 

10-0200 

Total Development Cost 

$ 

16 ,311 



O 




FIGURE 3.11 


ase costing methodology 









TABLE 3-XXV PROGRAM MAINTENANCE COSTS 


H 

O 

vn 


WBS 

ELEMENT 


ITEM 


10-0100 

10-0400 

-0401 

-0401 

-0401 

-0401 

-0402 

-0403 

-0404 

20-020 

10-0900 

-0902 

-0903 

-0903 

-0903 

-0903 


PROJECT MANAGEMENT 

NASA MANAGEMENT „ nDT1 ,, 

CONTRACTORS PROJECT HGMT ' 

SYSTEM ENGINEERING AND INTEGRATION 
CONFIGURATION CONTROL 
RELIABILITY AND TRAINING 
PREFLIGHT PLANNING 
DATA reduction 
ASE INTEGRATION 
PAYLOAD INTEGRATION 

SUSTAINING ENGINEERING (6 ENGINEERS} 

ORBITER INTEGRATION 

GROUND OPERATIONS 

SPARES & LOGISTICS ADMINISTRATION 
(3 PEOPLE) 


1980 ACTIVATION) 
1983 ACTIVATION) 
FACILITIES, ETC.) 


etr launch crew 

(18 PEOPLE 
WTR LAUNCH CREW 
(18 PEOPLE 
RANGE SERVICES 

(T/M, COMM., - 

LAUNCH SUPPORT, LES CONTRACTOR 
(30 MAN-DAYS) 

TOTAL ANNUAL SUSTAINING COSTS 

TOTAL UNIT OPERATIONS COSTS 

TOTAL ANNUAL OPERATIONS COSTS ® 
PRIOR TO 1983 
AFTER 1983 


SUSTAINING COSTS 


ANNUAL 


362, 5C0 
600,000 


371,000 


300,000 


140,000 


1,773,500 


OPERATION COSTS 

ANNUAL 


UNIT 


61,500 

15.000 

33.000 

17.000 

11.000 

18 ,000 


90,000 

6,000 


i257,500 


617,500 

617,500 


I 617,500 
| 1.235,000 


fU — — - — — — — - 

NOTE: q EACH LES CONFIGURATION CARRIES THE TOTAL ANNUAL SUSTAINING COST. 

© ANNUAL OPERATIONS COSTS FOR THE STS LOW ENERGY REGIME. 


combination. The annua! operations acts are tho- * 

tain a full time launch crew at ETR he.* • . °" e c05ts ^Wirea to mai..- 

crev at TO beginning in 1983. These twoT" !! ^ ^ ° fUl1 til,e lau ' lch 

operations support require or ^ w ^ ^ 

i or all low energy stages. 

3 ‘ 4 CO Sg/SCREEWlNG ANALYSTS 

The user costs for screening were bm'H 
procedure described in paragraph 3 0 A , . P ln &Ccord vith the 

buildup is shown in Talle 3 • • A tmcal ex ^ of the user cost 

pulsion approaches investigated are ah US " aU the nelf P r °- 

veight was based on a bu Udup o/the T “* *’ V ' 

defined bp the verb breakdown “ 

rr - - ‘^^rr*r - 

weights and detail ASE weight studies." llZ^TuT ^ 
weight. ASE weight and payload weight. SU ” ° f the sta Se 

determined by the sta^r ^ re4 “ lrCd "■ 

:r oTr::;:;:: :rr 

combination was evaluated against the cl’straTntTlf th^ ^ “* 

lf Verti “ 1 fhttallation could be accomodated J W 

Vas Possible, both horizont&1 * vertical installation 

the lower user cost selected for com C installations ver e evaluated and 

In this example only the horizontal Pr ° pulsio » approaches. 

of propulsion approach screening, the ASE ^ ^OSSi^)le, ** PUrp ° SeS 

length of bay occupied by the ntL ^ C ° nsidered to te within the 

charge was accumulated. The len th 7 Payl ° ad ’ thUS n ° extra ba ^ length 

load factor for this example; therefo^ thf Sh Itl ^ ^ ****** 

length of the stage and payload. ' VaS based on 

in the work breakdown ZTl ^ Sh °™ 

reference mission level was the ^ ++1 comparison at the 

- - — - 

of eaoh referenrii™ ^LYoTT ^ ^ ^ «“ ™ 

P “« approaches are ranked in incrlYTcT ” 

lncreaB “« dost order for all new and 


106 


107 


TABLE 3-XXV1 TYPICAL PROPULSION APPROACH COST BUILD-UP 
FOR REFERENCE MISSION C 


• ORBIT 

1000 KM (540 NM) CIRCULAR 
57° INCLINATION 


• PAYLOAD 

WEIGHT - 1000 KG (2205 LB) 
LENGTH - 3M (9.8 4 FT) 
DIAMETER - 4.5M (14.76 FT) 


PROPULSION 

APPROACH 

STAGE 
WEIGHT 
KG (LB) 

ASE 

WEIGHT 
KG (LB) 

LAUNCH 
WEIGHT 
KG (LB) 

BAY 
INSTL. 
P OR V 

BAY LENGTH 
INCLUDING 
PAYLOAD 
M (FT) 

UNIT 

COST 

$M 

SHUTTLE 

CHARGE 

$M 

USER 

COST 

$M 

MODULAR 4 TANK 
BIPROPELLANT 

516.8 

(1139.3) 

583.3 

(1286.0) 

2100.1 

(4630.3) 

H 

3.7 

(12.15) 

1.07 

5.91 L 
(1) 

6.98 


( 1 ) 


L = LENGTH CRITICAL 











TABLE 1 1 l-XXVl I PROPULSION APPROACH COMBINATIONS 


Vref. 

MISSION 

\ 

A 

10,000 KG 
HO KfA 
21.5° (NCI 

B 

3.000 KG 

1.000 KM 
97° INCL 

• 

C 

1.000 KG 

1.000 KM 
57° INCL 

□ 

200 KG 
577 KM 

*1.5° INCL 

E 

170 KG 
1.111 KM 
2.1* INCL 

F 

2M KG 
1.001 KM 

17.5* INCL 

cost\ 

orqer\ 

APPROACH 

COST 

SM 

APPROACH 


APPROACH 

COST 

SM 

APPROACH 

COST 

m 

APPROACH 

COST 

*M 

APPROACH 

COST 

m 

1 

INTEGLOMS 

21.4* 

FLAT PACK 
6 LONG 

16 61 

4T-M0NQPR0P. 

6*5 


3.24 

LIQUID 
QUENCH (V) 

3.11 

S.STAR 41/ 
S.STAR 37F 

1.51 

2 

6 TBIPROP- 

23.53 

* TANK BIPROP 
(MODULAR) 

16.11 

FLAT PACK 
4 SHORT 

6 8 * 


3.33 

PINTLE 
LARGE (V) 

3*2 

STAR 41/ 
STAR 37 F 

917 

3 



ST-MONO 

PROP 

(MODULAR) 

■ 

4 T BIPROP. 

6.89 

STAR 28/ 
STAR 26 (V) 

3.75 

m 


4.10 (W) 

MM lll/IT- 

IIPROP. 

WQDUIAHL 

10.34 

4 

BT BIPROP. 

23.55 

LIQUID 

QUENCH 

17.89 

4 T BIPROP. 

6.91 

PINTLE 
SMALL [V] 

3.71 (W) 


5.23 



g 



PINTLE 

LARGE 

18.07 

4 T BIPROP. 
(MODULAR) 

6.91 

3T-MONO 

PROP. 

4.71 

N*if.l;Ei >.aW 

5.61 


H 

■ 

4 T BIFROP. 
(MODULAR) 

23.7* 

22STAR 17 

11.09 

2TANKM0NG- 

PROP. 

(MODULAR) 

7.07 

4 TBIPROP. 
IV) 

4.86 

STAR 37E / 
4TBIPR0P.IVI 

5.(6 


■ 

■ 

4 T-MONOPROP. 
(MODULAR) 

24.00 

STAR37E/ 

BT-BIPROP 


4 STAR 17 

7.11 

FLAT PACK 
4 SHORT 

45* 

S5TAR 41/ 
2T-MONO 
PROP IV) 

5.93 


■ 

E 

7 STAR 17 

24.19 

S.STAR 48/ 
4 TBIPROP. 

19.23 

PINTLE 

SMALL 

8.06 

4 TBIPROP. 

5.08 

22 STAR 17 (Vl 

6.59 


. 

g 

PINTLE-SMALL 

24.90 

SST48/ 

4T-MONOPROP 

19.33 

LIQUID 

QUENCH 

8.20 

4 T BIPROP. 
(MODULAR) 

6.20 

STAR 46/ 
STAR 26 

I.i7 



10 

LIQUID QUENCH 

2455 

SSTAfl 37F/ 
SSTAR 37S 

19.60 

PINTLE LARGE 

8.45 

2T-MONO- 

PROP 

(MODULAR) 

5.15 

STAR 41/ 

4TBIPR0P. 

(MODULAR) 

III 



n 

PINTLE LARGE 

25,16 

STAR 48/ 
STAR 26 

20.58 

STAR 17 A/ 
STAR 17 

8.57 

LIQUID 
QUENCH (V) 

5.66IW) 

S5TAR4I/ 
S5TAR 37S 

i.n 



12 

STAR 25/ 
STAR 26 

2S.7B 

S-STAR48/ 

STAR37S 

20.36 

STAR 26/ 
STAR 26 

350 

PINTLE 
LARGE (V) 

5.74 [W1 

S5TAR 41/ 
S5TAR 37 F 

5.51 



13 

STAR 41/ 
2T-MONOPROP. 

26.45 

SSTAR48/ 
S5TAR 37F 

2055 

S5TAR 48/ 
S5TAR 37 

10.82 

S.STAR 48/ 
S.STAR 37 

8.19 

STAR 41/ 
STAR 37F 

9.17 



14 

STAR itl 
STAR 26 

27.43 

STAR 48/ 
STAR 37 

21.43 

STAR 48/ 
STAR 26 

10.84 

STAR 48/ 

STAR 26 

852 





15 

SSTAR 48/ 
SSTAR 37S 

27.47 











NUMBER 

OF 

PAYLOAD' 

„ 

3* 

32 

22 

6 
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V - IN DICATESCQNFIGU RATION IS INSTALLED VERTICALLY, ALL OTHERS ARE INSTALLED HORIZONTALLY 
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MM III IS SSUS-A 












































































adaptations of existing/planned propulsion approaches evaluated. The costs 
include stage unit cost and Shuttle user charge for the stage and payload. 
Vertical installations are noted by a "V" vhere they are possible and lover 
in cost than horizontal installations. Where the weight load factor for the 
stage, payload and ASE determined the Shuttle user charge, it is noted by a 

V. 

Using reference mission C as a typical example. Figure 3.12 is 
a bar chart plot of the costs shown in Table 3-XXVII. Shown are the propul- 
sion approach description and a breakdown of the total user charge by unit 
stage cost. Shuttle user charge for the stage and for the payload. For 
reference mission C payloads used in this example, the length of three meters 
(9*84 ft.) combined with the stage length did not permit vertical installation. 
Length load factor for the stage and payload was greater than the weight load 
factor for the stage, payload, and ASE for all propulsion approaches; thus 
the Shuttle user charge was based on the length of cargo bay required for 
this reference mission. 

3-4.2 Screening by Propulsion Approach Combination 

Cost ranking by reference mission was used as a shopping list 
for candidate combinations of propulsion approaches. The modular bipropellant 
approach shown in heavy bordered boxes in Table 3-XXVTII is a typical logical 
approach to launch all of the reference missions. Consideration of the 
relative cost weighting of each reference mission was made using the reference 
mission payload quantities also shown in the table. Another logical approach 
would be to lose the integral CMS for reference mission A and the modular 
bipropellant for all others. Using this procedure, a series of logical com- 
binations of approaches were selected that have the potential of being the 
lowest cost to launch the 125 payloads represented by the reference missions. 

The total user cost buildup of the integral 01®, modular bi- 
propellant and the MM Ill/modular bipropellant combination is shown in Table 
3-XXIX. This example is typical of the costing procedure applied to the 
series of logical combinations selected from the propulsion approach cost 
ranking by reference mission. A description of this example follows: 

• Integral OMS launches reference mission A payloads in 
this combination. While one OMS kit would be required to deliver a total of 
29483 kg (65OOO lbs.) to orbit, an analysis shows that anticipated payload 
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TABLE 3-XXV1II PROPULSION APPROACH COMBINATIONS 


S-R6F. 

MISSION 

\ 

A 

10,000 KG 
500 KM 
s 0 iNr.t 

B 

3.000 KG 

1.000 KM 
97° INCL 

C 

1,000 KG 
1,000 KM 
57° INCL 

D 

200 KG 
577 KM 
96.5° INCL 

E 

170 KG 
1,111 KM 
2.9° INCL 

» 

F 

200 KG 
1.000 KM 
97.5° INCt 


C0ST\ 

order\ 

APPROACH 

:ost 

SM 

APPROACH Ic 
S 

OST 

-M 

APPROACH 

COST 

SM 

APPROACH 

COST 

SM 

approach 

0 ST 

w 

APPROACH 

SM 

1 

INTEGLOMS 

21.48 

FLAT PACK 
6-LONG 

6.61 

4 T-MONOPROP. 

6.65 

STAR 17 A/ 
STAR 17 (V) 

3.24 

LIQUID 
QUENCH (V) 

3.81 

S.STAR 48/ 
S.STAR 37F 

9.51 

2 

B T-BIPRDP. 

23.53 

8TANK BIPROP 
(MODULAR) 

E.B8 

FLAT PACK 
4 SHORT 

6.88 

4 STAP. 17 (V) 

3.33 

PINTLE. 
LARGE (V) 

3.82 

STAR 4B/ 
STAR 37F 


3 

8 T-MONOPROP. 

23.54 

BT-MONO - 
PROP 

Ikinnlll ARl 

17.13 

4T- BIPROP. 

6.89 

STAR 26/ 
STAR 26 (V) 

3.75 

(W) 

S.STAR 37 F/ 
S.STAR 37S (V) 

5.10 (W) 

BIPROP. 

(MODULAR) 


4 

8 T-B1PROP. 

23.55 

LIQUID 

QUENCH 

17.89 

4 T-BIPROP. 

6.91 

PINTLE- 
SMALL (V) 

3.78 (W) 

8 T-BIPROP. 
(MODULAR) 

5.23 



5 

FLAT PACK 
a n rt 

23.69 

PINTLE- 

LARGE 

18.07 

4 T B1PR0P. 
(MODULAR) 

6.9 B 

3 T-MONO- 
PROP. 

4.71 

S.STAR 48/ 
4T-BIFROP.(V) 

5.68 



5 

4 T-BIPROP. 1 

(MODULAR) 

23.78 

22 STAR 17 

18.09 

2 TANK MONO- 
PROP. 

(MODULAR) 

7.07 

4T-8IPR0P. 

(V) 

4.86 

STAR 37 E/ 
4TBIPR0P.W) 

5.B6 



7 

47-MONOPROP. 

(MODULAR) 

24.00 

STAR37E/ 

BT-BIPROP 

19.17 

4 STAR 17 

7.11 

FLAT PACK 
4 SHORT 

4.98 

S.STAR 48/ 
2T-M0N0 
PROP (V) 

5.95 



8 

7 STAR 17 

24.19 

S.STAR 48/ 
4T-BIPR0P. 

19.23 

EJ 

8.06 

4 T-BIPROP. 

5.08 

22 STAR 17 (V) 

6.59 



9 

PINTLE-SMALL 

24.90 

SST4B/ 

4T-MONOPROP 

19.33 

LIQUID 

QUENCH 

8.20 

4 T-BIPROP. 
(MODULAR) 

5.20 

STAR 48/ 
STAR 26 

8.87 



10 

LIQUID QUENCH 

24.95 

S5TAR 37 F / 
S.STAR 37S 

19.60 

PINTLE-LARGE 

8.45 

2T-M0N0- 

PROP 

(MODULAR) 

5.15 

STAR 48/ 

4 T-BIPRDP. 
(MODULAR) 

8.B8 


■ 

11 

PINTLE-LARGE 

25.16 

STAR 48/ 
STAR 26 

20.58 

STAR 17A/ 
STAR 17 

8.57 

LIQUID 
QUENCH (V) 

5.661W) 

S.STAR 4B/ 
S.STAR 37S 

8.89 



n 

STAR 26/ 
STAR 26 

25.78 

S.STAR 48/ 
STAR 37S 

20.38 

STAR 26/ 
STAR 25 

8.90 

PINTLE- 
LARGE (V) 

5.741W) 

S.STAR 48/ 
S.STAR 37F 

2.51 




STAR 4B/ 

26.45 

S. STAR 48/ 
SSTAR 37F 

20.95 

S.STAR4B/ 
S.STAB 37 

10.82 

S.STAR 48/ 
S.STAR 37 

8.89 

STAR 48/ 
STAR 37F 

9.97 



H 

STAR 48/ 
STAR 26 

27.43 

STAR 48/ 
STAR 37 

21.43 

STAR 4B/ 
STAR 26 

10.84 

STAR 48/ 
| STAR 26 

8.92 




■ 


S5TAR 48/ 
K STAR 37S 

27.47 
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TABLE 3-XXIX TYPIGAL COST BUILD-UP FOR COMBINATIONS 
OF PROPULSION APPROACHES 


i 





REFERENCE MISSIONS/NUMBER OF PAYLOADS 




A 

B 

C 


D 

1 

E ' 

F 





17 

38 

32 

22 

! 6 

10 


PROPULSION APPROACH 
COMBINATION 


STAGE 

CDST 

SHUTTLE 

CHARGE 

STAGE 

COST 

SHUTTLE 

CHARGE 

STAGE 

COST 

SHUTTLE 

CHARGE 

EH 

SHUTTLE 

CHARGE 

STAGE 

COST 

SHUTTLE 

CHARGE 

n 

SHUTTLE 

CHARGE 

TOTAL 

COST 

SM 

INTEGRAL OMS 

SM 

0 

D 












8 TANK MODULAR 
8IPR0FELLANT 

SM 



1.41 

1.3 





1.41 

1.12 




4 TANK MODULAR 
BIPROPELLANT 

SM 





1.21 

1.12 

1.21 

1.12 






MV lll/B TANK 
MODULAR BIPROPELLANT 

SM 



H| 








2.41 

5.24 


PAYLOAD SHUTTLE 
CHARGE 

SM 


21.48 

5 

14.33 


4.8 


2.88 


2.86 


3.04 


TOTAL STAGE COST 

SM 

a 


53.6 


3B.7 


26.6 


8.5 


24.1 


151.5 

TOTAL SHUTTLE CHARGE 

SM 


365.2 


533.9 


199.4 


88.0 


23.9 


82.8 

1,343.2 

| COMBINATION DEV COST 




19. B 

ASE DEVELOPMENT COST 

10.5 

PROGRAM MAINTENANCE COST 

62.1 

j TOTAL USER COST 

♦ 














1,587.1 
























































density and lengths make the integral OMS a practical candidate. For example, 
the Reference Mission A payload, representative of payloads in this class, 
weighs 10000 kg (22046 lbs.) and is 13.5m (44.3 ft.) long. This corresponds 
to a length load factor of .74 and a user charge factor of approximately 
1.0. Integral OMS can deliver the Reference Mission A payload to the 500 km 
(270 nm) circular orbit and de-orbit to earth. For shorter payloads of the 
same density, multiple payloads could be delivered by integral OMS to both 
296 km (160 nm) and 500 km (2 T 0 nm) orbits. There is no stage cost or Shuttle 
user charge for a stage in this case, only the payload Shuttle charge is 

accrued. 

• An eight-tank version of the modular bipropellant approach 

is used for Reference Missions B and E and a four-tank version for Eeferenoe 

Missions 0 end D. For Reference Mission F the eight-tank version is used as 

a second stage on the Spinning Minuteman III third stage. Unit costs and 

Shuttle user charge for horisontal installations , reared for this combina- 

tion, is shown for each reference fission psyload. The number of payloads 

represented hy each reference fission is multiplied by the unit stage cost 

to give the total stage cost and by the stage Shuttle charge plus the payload 

Shuttle charge to give the total Shuttle charge. These are summed to get 

total cost to launch all payloads. 

. the development cost for the combination is the cost to 

develop the modular four- and eight-tank versions of the bipropellant and to 
integrate the eight-tank version with the Spinning Minuteman III third stage. 
The A3E development cost includes the cost for development and design ante 
gration of the airborne support equipment for the four- and eight-tank ver- 
sions and the cost of three sets of this ASE. Also included is the cost to 

integrate with the Spinning Minuteman III third stage ASE. 

. Program maintenance coats consist of annual program sustaining 

costs and operations costs made up of system engineering and integration and 
am ' ll site operation costs. In this example the program sustaining costs 
are 21.2b $M, the system engineering and integration costs 27.8 M and the 

annual site operation cost 13.01 *M for the total of 62.1 *K. 

nineteen combinations of propulsion approaches were examined 

and costs, as shown in Table 3-XXIX, were built-up for 15 of these. Costs 
for the top ten of these are shown in Table 3-XXX. Of the four combinations 
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TABLE 3-XXX COST RANKING BY PROPULSION 
APPROACH COMBINATIONS 
-TOP 10 OF 19 COMBINATIONS — 


COST 

ORDER 

~~~ — __JWISSI0N 

A 

B 

C 

D 

E 

F 

TOTAL 

COMBINATION u 

NO. 

LAUNCH COMBINATION DESCRIPTION 

M $ 

1 

2 

INTEGL 

QMS 

MODULAR 

BT-BIPROP 

MODULAR 

4T-BIPR0P 

MODULAR 

4T-BIPR0P 

MODULAR 

BT-BIPROP 

MM 111/ 

MODULAR 

8T-BIPR0P 

1587 

2 

4 

INTEGL 

OMS 

FLATPACK 

6-LONG 

FLATPACK 

4-SHORT 

FLATPACK 

4-SHORT 

S-STAR 48/ 
S-STAR 37F 

S-STAR 46/ 
S-STAR 37F 

1605 

3 

9 

INTEGL 

OMS 

MODULAR 

8T-BIPR0P 

MODULAR 

4T-BIPRQP 

MODULAR 

4T-BIPRQP 

STAR 48/ 

MODULAR 

4T-8IPR0P 

MM ill/ 

MODULAR 

BT-BIPROP 

1618 

4 

12 

INTEGL 

OMF 

22 STAR 17 

4 STAR 17 

4 STAR 17 

22 STAR 17 

S-STAR 48/ 
S-STAR 37F 

1627 

5 

7 

INTEGL 

OMS 

MODULAR 

8T-M0N0PR0P 

MODULAR 

2T-MQNOPROP 

MODULAR 

2T-MQN0PR0P 

S-STAR 48/ 
S-STAR 37F 

S STAR 48 
S-STAR 37F 

1630 

6 

15 

INTEGL 

OMS 

PINTLE-L 

PINTLE-S 

PINTLES 

PINTLE-L 

S-STAR 48/ 
S-STAR 37F 

1638 

■ 

6 

MODULAR 

4T-B1PR0P 

MODULAR 

BT-BIPROP 

MODULAR 

4T-BIPR0P 

MODULAR 

4T-BIPR0P 

MODULAR 

8T-BIPR0P 

MM III/ 

MODULAR 

BT-BIPROP 

1641 

8 

10 

INTEGL 

OMS 

LIQUID 

QUENCH 

LIQUID 

QUENCH 

LIQUID 

QUENCH 

LIQUID 

QUENCH 

S-STAR 48/ 
S-STAR 37F 

1674 

9 

11 

INTEGL 

OMS 

PINTLE-L 

PINTLE-L 

PINTLE-L 

PINTLE-L 

S-STAR 48/ 
S-STAR 37F 

1685 

ID 

14 

INTEGL 

OMS 

SSTAR 48/ 
S-STAR 37F 

STAR 17A/ 
STAR 17 

STAR 17 A/ 
STAR 17 

S-STAR 48/ 
S-STAR 37F 

S-STAR 43/ 
S-STAR 37 F 

1801 
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H 

cr\ 


COMBINATION 

NO. DESCRIPTION 

2 

INT OMS -MODULAR 
BIPROP-MM III/ 
MOOULAR BIPROP 

4 

INT OMS -MODULAR 1 

FLATPACK-SST48/SST37F 1 

9 

INT OMS -MODULAR j 

BIPR0P-ST4B/BIPR0P— ’ 

MM lll/MOOULAR BIPROP 

12 

INT OMS -MODULAR 1 

ST17 CLUSTER-SST4S/SST37F 1 

7 

INT QMS -MODULAR a 

MO N 0 PR 0 P-SST48/SST37 F 1 

15 

INT OMS - PINTLE (L&S) * fl 

SST48/SST37F 1 

6 

MODULAR BIPROP- ■ 

MMIH/MODULAR 1 

BIPROP 

10 

INTOMS - LIQUID QUENCH ■ 

SST48/SST 37F | 

11 

INT OMS- PINTLE L- ■ 

SST48/SST37F | 

14 

INT OMS - SST48/SST37F - ■ 

ST17A/ST1? | 

MM HI IS SSUS-A 


TOTAL cost to launch all reference mission PAYLOADS - 



$M 


* * w u MV 

ST48 ISSSUS-0 
SST4B IS SHORT NOZZLE SSUS-D 


1600 


1700 


1800 





VCOMEINATION 
PROCUREMENT 
& OPERATIONS 
COST 














COMBINATION 
SHUTTLE USER 
CHARGE 




PAYLOAD 
SHUTTLE USER 
CHARGE 


FIGURE 3.13 COST COMPARISON OF 


PROPULSION APPROACH COMBINATIONS 



total cost is a function of the propulsion approach and 75# is attributable 
to the Shuttle charge for the payload; therefore the propulsion approach 
costs amo unt to about 420 $M in the case of combination number 2. Costs 
within 10# of combination 2 are considered to be essentially equal and a 
benefits analysis was performed to adjust the ranking prior to final selec- 
tion of propulsion approaches. Based on this procedure, combinations 2, 4, 

9, 12 and 7 qualified for deeper penetration. Combinations 2 and 9 were 
grouped together as a modular bipropellant, therefore, the propulsion 
approaches selected for additional benefits analysis were the modular bipro- 
pellant combinations 2 and 9» the flat pack combination 4, the Star 17 
cluster combination 12, and the modular monopropellant combination 7 • 

3.4.3 Benefits .Analysis 

Mission capture, accuracy and risk for the four lower cost 
propulsion approaches were evaluated, as shown in Table 3-XXXI. Mission cap- 
ture rating, rated on a one-to-ten basic with ten high was derived by calcula- 
ting the percent of reference missions captures and then dividing by 10. Mis- 
sion capture measured the program advantage of a single approach. The modular 
bipropellant, which can deliver five of the six reference mission payloads has 
a rat in g of 8. The modular monopropellant captures four reference mission 
payloads and has a rating of 7* The Plat Pack has a rating of 7* The Star 17 
cluster captures all but Mission F and has a rating of 8. 

Accuracy is rated on a one-to-ten basis with ten high. Wasting 
excess energy by yaw steering fixed-impulse propulsion approaches produces 
errors in destination orbits. The accuracy rating equation is designed to 
produce a rating of 1 when the ratio of wasted energy to energy required is 
3.0. Also, each accuracy degrading characteristic penalizes the accuracy 
rating one point. Liquid approaches do not waste excess velocity, thus have 
no accuracy degrading characteristics. The flat pack sized for mission C 
wastes about 40# of its energy for mission D. Also, aligning many solid 
rocket motors to thrust through the system center of gravity along with 
pointing inaccuracy from thrust buildup characteristics of multi-motors re- 
sults in an accuracy rating of 7 for the flat pack. A similar rating was 
derived for the cluster of Star 17s, but its energy waste was greater and 
produced a rating of 6. 
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TABLE 3-XXXI BENEFIT ANALYSIS 



PROPULSION 

APPROACH 


MODULAR 

BIPROPELLANT 


MODULAR 
MONOPROPELLANT 
FLAT PACK 


MISSION 

CAPTURE 

RATING 


STAR 17 CLUSTER 


ACCURACY 


• NO AV WASTED 

• ND ACCURACY 
DEGRADING 
CHARACTERISTICS 

• SAME AS B1PRO- 
PELLANT 

• AV W AST ip 
AVREQ'D 

• MULTI MOTOR 
THRUST ALIGNMENT 

• UNSYMMETRICAL 
THRUST BUILDUP 


« AV WASTED _ „ 
AV REQ'D 

• MULTI MOTOR 
THRUST ALIGNMENT 

• UNSYMMETRICAL 
THRUST BUILDUP 


RATING 


LOGIC 


• HARDWARE DEVELOP- 
MENT REQUIRED FOR: 
-TANKAGE 

- GUIDANCE 
INTEGRATION 

• SAME ASBIPRO- ~ 
PELLANT 

"•HARDWARE DEVELOP- 
MENT REQUIRED FOR: 
-GUIDANCE INTEG. 

- UNSYMMETRICAL 
THTUST BUILDUP 
SENSOR 

-UNSYMMETRICAL 
THRUST CORRECTION 
•"SAME AS FLAT PACK 

• RELIABILITY OF STAR 
17 CLUSTER < .98 


TOTAL 
BENEFIT 
RATING I RATING 


MISSION CAPTURE RATING = PERCENT OF REFERENCE MISSIONS CAPTURED -f 1 


ACCURACY RATING 


RISK RATING 


= ID-3 


AV WASTED 


~AV REQUIRe"d"" NUMBER DF ACCURACY DEGRADING CHARACTERISTICS 


CONCLUSIONS 

ACCEPTABLE FDR ADDI- 
TIONAL STUDY 


ACCEPTABLE FOR ADDI- 
TIONAL STUDY 

ACCEPTABILITY FOR 
ADDITIONAL STUDY 
MARGINAL DUE TO POTEN- 
TIAL ACCURACY AND RISK 
PROBLEMS 


NOT ACCEPTABLE DUE TO 
RISK 


10 ~ SmS ) TECHNOLOGY DEVELOPMENTS REQUIRED .NUMBER OF HARDWARE 


DEVELOPMENTS 


NOTE: II) REDUCED FROM 7T0 1 BECAUSE OF RELIABILITY 




Risk rating is on a one-to-ten "basis with ten indicating low 
risk. The rating is degraded from ten for each technology and hardware develop- 
ment required. None of these approaches require technology development. Re- 
quired sizes of metal bladder conospherical tanks require hardware development. 
Integration of a computer with a roll stabilized platform requires interfacing 
hardware and software development. The resultant risk rating is 8 for the two 
liquid approaches. The flat pack has the same guidance integration hardware 
development requirement, and must have hardware developed to sense and correct 
pointing error due to thrust misalignment and unsymmetrical thrust buildup - 
thus a rating of J . In addition to these risk rating degrading factors, the 
22 Star 17 cluster has multi-motor reliability of less than .98 based on an 
individual motor reliability of .999. The potential loss of 2 out of 100 
launches due to propulsion malfunction was not considered acceptable state- 
of-the-art design. This was not correctable by reasonable technology or hard- 
ware development and the risk rating was reduced to an unacceptable level of 1 . 

Based on the total benefit rating only the two liquid approaches 
were considered acceptable for additional study. 

3. It. 4 Propulsion Approach Selection 

New and adaptation of existing/planned propulsion approaches 
that were selected for detailed analysis and cost/benefit evaluation against 
the specific payloads of the new payload model are shown in Table 3-XXXII. 

3. 4. 4.1 Selection of New and Adaptation Approaches - The modular 
bipropellant and the modular monopropellant approaches ranked high in benefits 
and low in user cost and were first and second choices respectively for new 
propulsion approaches. An alternate to the integral OMS for Mission A was 
provided by the four-tank version of the bipropellant for no additional 
development cost. This was a reasonable alternate as shown by Table 3-XXVII. 

An alternate to the higher energy requirements of Mission E 
was provided by the modular four-tank bipropellant as the upper stage for the 
Spinning Star 48 . The propulsion approach selected for Mission F was the 
eight-tank bipropellant as the upper stage for the Spinning Minuteman III 
third stage. 

3. 4. 4. 2 Modular Bipropellant Configuration - The modular bipropellant 
propulsion approach, Figure 3.14, was configured to minimize Shuttle 
installation length through use of multiple identical conospherical propellant 
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TABLE 3-XXXII PROPULSION'APPROACH SELECTION 
FOR DETAILED ANALYSIS 


"''''~^^REF. MISSION 
PROP. APPROACH'''''---^ 

A 

B 

C 

D 

E 

F 

ADAPTATIONS OF 
EXISTING APPROACHES 





STAR 48/ 
MODULAR 
4 -TANK 
BIPROP 

MM III/ 
MODULAR 
8 -TANK 
BIPROP 

NEW 

APPROACHES 

MODULAR 
4 -TANK 
BIPROP 

MODULAR 
8 -TANK 
BIPROP 

MODULAR 
4 -TANK 
BIPROP 

MODULAR 
4— TANK 
BIPROP 

MODULAR 

8-TANK 

BIPROP 



MODULAR 
8 -TANK 
MONOPROP 

MODULAR 
2 -TANK 
MONOPROP 

MODULAR 

2-TANK 

MONOPROP 



TOTAL FOR EACH 
MISSION 

1 

2 

2 

2 

2 

1 
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8-TANK 



3.48 DM 
(11.42 FT) 


,-V-BAND SEPARATION CLAMP 
PAYLOAD/DELIVERY STAGE 


PRESSURIZATION 
TANKS (4) 


4-TANK 


PLATFORM 
ELECTRONICS 


OXIDIZER 
TANKS (2) 

(n 2 o 4 ) 


BATTERY 


THRUSTER 
ELECTRONICS 

TRANSMITTER 



PROPELLANT 
TANKS (2) 
(MMH) 


COMPUTER 


RC THRUSTER 
(2-R-4D) 


3.48 OM 
{11.42 FT)' 


ROLL STABILIZED - 
PLATFORM 



ORBITER-ASE 

V-8AND SEPARATION MA,N 

CLAMP THRUSTER 

REFERENCE MISSION “B" 

STAGE WEIGHT = 2,014 Kg (4,440 LB) 
1.519 Kg (3,349 LB) 


MAIN THRUSTER (n-40A) 


REFERENCE MISSION “C" AND "0" 
STAGE WEIGHT = 732 Kg (1,614 LB) 
W p = 459 Kg (1,012 LB) 


FIGURE 3.14 MODULAR BIPROPELLANT 



tanks arranged with centerlines normal to the stage centerline. Propellant 
transfer under varying loads and maneuvers was accomplished by use of tankage 
incorporating metal diaphragms for single phase flow and center of gravity 
control. Tankage was prepackaged and required no servicing at the launch 
site. A regulated helium system was used for propellant pressurization. A 
single R-40A 38T0 R (870 lbf) thruster (Space Shuttle reaction control 
thruster) located on the stage centerline provided both perigee and apogee 
velocity increments. In applications for Reference Missions B through F, 
the stage employed a spin stabilized guidance and control system consisting 
of a computer, roll stabilized platform and control electronics. Maneuver 
and nutation control was provided by one and two R-4D thrusters (Missions B 
and C, D, E, F, respectively). 

Propellant tankage and other components were sized for an 
eight-tank fully loaded configuration for Mission B. A four-tank, off-loaded 
derivative satisfied Missions C and D requirements. Stage length was con- 
sistent with propellant tankage diameter as well as the combined lengths of 
the roll stabilized platform and the main thruster (both were on the stage 
centerline). Diameter of the eight-tank configuration was governed by the 
number of propellant tanks, tank length, and plumbing requirements. For the 
four-tank system, due to the fewer propellant tanks, the diameter was less 
than the eight-tank system. 

3*^*^*3 Modular Monopropellant - Similar to the bipropellant system, 

the modular monopropellant propulsion approach, Figure 3.15, was configured 
to minimize Shuttle installation length through use of multiple, identical 
conospherical propellant tanks arranged with centerlines normal to the stage 
centerline. Propellant transfer under varying loads and maneuvers was accom- 
plished by use of tankage incorporating metal diaphragms which also provide 
single phase flow and center of gravity control. Since tankage was pre- 
packaged, no servicing was required at the launch site. Propellant pressuri- 
zation was by a regulated helium system. Four MR-104 , 623 N (l4o lbf) 
thrusters (Mariner Jupiter/Satum 77 RCS) located on the outer stage circum- 
ference, 90 apart and parallel to the stage centerline provided both perigee 
and apogee velocity increments as well as maneuver and nutation control. 

For Missions B through E, the stage employed a roll stabilized guidance and 
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FIGURE 3.15 MODULAR MONOPROPELLANT 


control system consisting of a computer, roll stabilized platform and control 
electronics. Propellant tankage and other components were sized for an eight- 
tank, fully loaded configuration for Mission B. A two-tank, off-loaded 
derivative satisfied missions C and D requirements. Stage length was estab- 
lished primarily by propellant tank diameter. Diameter of the eight tank 
configuration is governed by the number of propellant tanks, tank length 
and plumbing requirements. For the two-tank version, the diameter is less 
than the eight-tank system. Since propellant density and performance were 
lower, the monopropellant package size was larger than the bipropellant system. 

Adaptation of Ex isting/Planned Approaches - In the left side 
of Figure 3.16, the spin-stabilized modular bipropellant propulsion approach 
is combined with the Spinning Minuteman III (SSUS-A) third stage for Reference 
Mission F. The bipropellant stage is the same as the 6-tank modular bipro- 
pellant and provides apogee velocity increment. 

The spin-stabilized modular bipropellant approach was combined 
with the Spinning Star 48 (SSUS-D) stage for Reference Mission F. The bipro- 
pellant stage is the same as the 4-tank modular bipropellant , and provides 
the apogee velocity increment. 

3,1},lu5 Existing/ Planned Launch Approaches - The existing/planned 

launch approaches for additional evaluation in the LES study are shown in 
Figure 3. IT. Both integral OMS and OMS kits were considered in Task 6 (Volume 
IV) for delivery of payloads that have been represented by Reference Mission 
A as well as for other applicable payloads. The Teleoperator Retrieval System 
in both two-tank and four-tank versions was considered in Task 6 (Volume IV) 
for delivery of all payloads for which it has adequate performance. The 
Multimission Modular Spacecraft (MMS) with a PMII propulsion module was con- 
sidered for those payloads using the MMS. The Scout expendable launch vehicle 
was also evaluated in Task 6 (Volume IV) for those payloads it can deliver to 
their destination orbits. 

Total Propulsion Approaches Carried Forward - A summary of 
the total propulsion approaches carried forward in the study is shown in 
Table 3-XX3CCII. Conceptual designs, STS interface analysis and flight and 
id operations analysis are presented on the new approaches and adapta- 
tions in Tasks 3, 4 and 5 (Volume III). Cost/benefit analysis of new, adapta- 
tion and existing/planned approaches is presented in Task 6 (Volume IV) . 
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FIGURE 3.17 EXISTING/PLANNED LAUNCH APPROACHES 





TABLE 3-XXXm 


SUMMARY OF PROPULSION APPROACHES FOR FURTHER EVALUATION 


ADAPTATIONS 

NEW 

EXISTING/PLANNEE 

MIII/MODULAR BIPROPELLANT 

MODULAR-BIPROPELLANT 

TRS 



OMS 

STAR 48/MODULAR BIPROPELLANT 

MODULAR-MONOPROPELLANT 

MM3 

SCOUT 

2 

2 

4 
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